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Summary
Various aspects of localised fracture events in glass-ceramic matrices (calcium 
alumino-silicate (CAS) and barium magnesium alumino-silicate (BMAS)) reinforced with 
continuous SiC fibres (Nicalon™ and T^ranno™) have been examined. An analytical 
model has been developed which enables the residual thermo-elastic stresses that are 
present in the composites at room temperature (as a result of the difference in coefficient 
of thermal expansion (CTE) between the fibres and the surrounding matrix) to be 
calculated. A  simple consideration of the effect of introducing a free surface coupled with 
experimental results has shown that a portion of the fibre/matrix interface is likely to be 
debonded in the vicinity of the free surface. Quasi-static indentation loading of the 
composites has shown that lateral cracks are the predominant fracture event. The 
technique of confocal scanning laser microscopy has been used to provide quantitative 
data relating to the size of these lateral cracks as well as their sensitivity to the local fibre 
volume fraction. In a CAS/Nicalon composite, where the CTE of the matrix is greater 
than that of the fibres, lateral cracks have been found to form preferentially in regions of 
relatively high local fibre volume fraction. This behaviour is consistent with residual stress 
calculations, in that matrix in regions of high fibre volume are in a state of axial tension, 
which promotes lateral cracking. The converse has been found to be true in a 
BMAS/T^ranno system with a CTE mismatch in the opposite sense. Experiments where 
contact is by single particle impact have shown similar fracture patterns, suggesting that 
dynamic fracture follows mechanisms observed durmg quasi-static indentation. Utilisation 
of data acquired from quasi-static indentations has facilitated an upper bound prediction 
of the erosion wear rate. The mechanism of material removal and the estimate of wear 
rate have been shown to be consistent with results acquired from a limited study of 
erosive wear in one of the composite systems.
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Notation
A Compliance of plate material above a lateral crack
A(") Integration constant
a Outer radius of cylinder f
% Contact radius
Exponent determined by Weibull modulus
Hv Half indentation diagonal length
B Strength of field of ejqpansion
BW Integration constant
b Outer radius of cylinder m
K Exponent determined by Weibull modulus
c Flaw size
Ci Lateral crack length
Cr Base radius of a cone crack
Cr Radial crack length
d Indentation diagonal length
dg Average grain diameter
E Young’s modulus
E(“) Young’s modulus of constituent n
El Longitudinal modulus of composite
F Propensity for erodent fragmentation
f Adjustment for non-volume conserving processes
G‘ Critical strain energy release rate of interface
GW Shear modulus of constituent n
H Hardness
h Depth of lateral cracks
Ko Fracture toughness
k(x= 1,2,3...) Constants (empirically derived)
1 Slipped length
Id Debond length
Ip Palmqvist crack length
M Mass loss of composite per unit area
Mo Mass of erodent
m Weibull modulus
Np Number of erodent particles per unit area
n Constituent (i.e fibre, f or matrix, m)
ng Number of grains per wear pit
HlSE Indentation size effect index
Vil
P Load
P„ Maximum impulse load
Pz Load as a function of axial co-ordinate, z
R Radius of indenter/particle
r,0,z Polar coordinates
r,0,4> Spherical coordinates
s Function of particle shape
t Thickness of specimen
Critical energy required for median-radial fracture 
Ufc Kinetic energy
Upiastic Plastic work done
u(°),., u(")g Radial and axial displacements
V Volume wear rate (in terms of volume of target removed per impact)
Vp Volume of wear pit
V Velocity
Vo Threshold velocity
Vf Fibre volume fraction
W Mass wear rate (in terms of mass of target removed per impact)
Wcomp Mass wear rate of composite
w length of dissolved section
z^ ax Maximum particle penetration depth
Coefficient of thermal expansion of constituent n 
« 1  Longitudinal coefficient of thermal expansion of composite
« 2  Transverse coefficient of thermal expansion of composite
Pp,t Geometric constants dependent on the intrinsic flaw populations of p,
particle and t, target 
r  Grain boundary fracture energy
V Transfer coefficient
Y^"^  Shear strain in constituent n
AT Temperature change
AV Volume displaced during indentation
Ô Fibre displacement
(e^ "^ )r.o,z Radial, tangential or axial strain in constituent n
q A function of the height of a cone fiustrum
Computed coefficient 
p Coefficient of friction
V Poisson’s ratio
Poisson’s ratio of constituent n 
p density
p(") density of constituent n
Vlll
Stress in constituent n (cylindrical coordinates)
(o^ "))r_e_^  Stress in constituent n (spherical coordinates)
r  Shear stress
0  Constraint factor
X Fraction of the volume encompassed by the zone of lateral fracture
that is removed per impact 
Computed coefficient 
i|r Included half angle of indenter
Notes: 1. Superscripts containing i denote that the variable is interfacial.
2. Superscripts containing e denote that the variable is an equihbrium value, i.e. 
in the bulk.
3. Subscripts containing c denote that the variable is critical.
4. Subscripts containing p denote that the property pertains to the erodent 
particles.
5. Subscripts containing t denote a property of the target (used only when 
particle properties appear also).
6. Conventionally, hardness is expressed as kg mm ^  (as opposed to kgf mm*^  or 
Pa) and indentation loads are specified in kg (as opposed to kgf or N). This 
convention is employed universally throughout this thesis.
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Chapter 1
Introduction
Chapter 1: Introduction
Chapter 1 
INTRODUCTION
1.1 PROJECT BACKGROUND: REQUIREMENTS OF GAS 
TURBINE ENGINE COMPONENTS
Gas turbines are complex engineering structures, operating on a jet reaction principle: air 
is compressed, passed to a combustion chamber where energy is introduced into the 
system via burning fuel, then the hot gas is passed through a series of turbines where it 
is ejqpended in the production of thrust. The higher the operating temperature of the 
engine, the more efficient the system becomes. Another important factor is engine 
weight, such that even small weight savings will produce significant reductions in operating 
costs. In view of these requirements, the primary interests in developing new materials 
for these engines involve high temperature performance and low density.
Traditionally, gas turbines have employed metallic components: aluminium and steel were 
superseded by titanium, nickel and aluminium-lithium alloys. The titanium and aluminium- 
lithium alloys offer lower densities and greater specific strengths than earlier materials, 
whilst nickel-based superalloys have been developed to operate at temperatures in the 
vicinity of 900 - 1000°C.
It is evident that continued development of metallic components is limited by their 
temperature capability. Currently, nickel superalloy turbine blades are operated in 
temperatures in the region of 200°C in excess of their melting point (this being achieved 
by virtue of extensive air cooling). Consequently, there has been significant interest in the 
use of glass-ceramic and ceramic matrix composites to provide high temperature properties
Chapter 1: Introduction
and eliminate the requirement for air cooling. Both these types of matrices have good 
environmental stability, glass-ceramics being thermally stable up to approximately 1000°C 
and some ceramics in excess of 1600°C. Whilst the high temperature properties of the 
glass-ceramic matrix are inferior in comparison with ceramics, glass-ceramics are useful 
intermediates for predicting the behaviour of other ceramic matrix composites. When 
these matrices are reinforced with ceramic fibres, capable of withstanding oxidising 
environments in the region of 1000°C, materials with an obvious potential for the 
aerospace industry can be produced, particularly when high temperature stability is 
coupled with low density.
There are a number of material systems currently available. The majority of these systems 
are reinforced with silicon carbide-type fibres such as Nicalon (a trademark of Nippon 
Carbon Company) and Tyranno (a trademark of Ube Industries). Borosilicate ("Pyrex") 
is a particularly common glass matrix, whilst silicon carbide has received significant interest 
as a ceramic matrix. Currently, the silicon carbide matrix k introduced into the system by 
chemical vapour infiltration; a costly and time-consuming process which results in a 
composite with a significant amount of porosity. There is a requirement, therefore, to 
study a composite system which is relatively easy to process and will produce results which 
will provide a generic understanding of ceramic matrix composites. Glass-ceramic matrix 
systems appear to fulfil this requirement; common matrices include calcium alumino- 
silicate, lithium alumino-silicate and barium magnesium alumino-silicate.
For ceramic matrix composites to find an application in engine components (such as 
stators, turbine casings and nozzles), they will have to demonstrate that they can meet a 
range of property requirements. A  key property is resistance to the impingement by 
multiple high velocity particles, i.e. erosive wear resistance.
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Currently, there appears to be no data relating to the erosive wear of continuous fibre 
reinforced ceramic matrix composites. Furthermore, existing models of erosive wear, 
developed for monolithic ceramics, are not reliable. In view of this situation, the aim of 
this project was to increase the understanding of the erosive wear in ceramic matrix 
composites, using glass-ceramic matrix composites to provide "generic" information. The 
approach that has been taken involves first examining material response to single quasi­
static sharp particle contacts, i.e. Vickers profile indentation. These studies are 
complemented by single particle impact experiments, designed to determine 
similarities/differences between quasi-static and dynamic contact. Finally, laboratory-scale 
erosion tests are performed, and the results are compared with predictions based on 
observations of fracture events made by the earlier indentation and single particle impact 
studies. Monolithic matrix material is studied also, in order to provide a baseline from 
which to compare the properties of the composite. During the course of these studies, 
it became apparent that near-surface residual thermo-elastic stresses (that develop as a 
result of the mismatch in coefficient of thermal expansion between the fibres and the 
matrix) were important in determining the nature of the fracture patterns. Consequently, 
an analysis of these stresses is developed and the predictions are compared with 
experimental results.
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1.2 THESIS OUTLINE
Following the introduction, this thesis presents an overview of literature pertaining to 
quasi-static indentation, single particle impact and erosion of brittle materials. As this 
overview is relevant to all of the work in this thesis, it is presented first in Chapter 2. 
Other areas of literature are discussed also in this thesis, although these are restricted to 
the sections to which they apply specifically.
In order to explore relationships between fracture characteristics and material properties, 
it was necessary to investigate the microstructures of the materials used in this study. This 
microstructural analysis, together with a description of the experimental techniques is 
presented in Chapter 3. Chapter 4 addresses the bulk and near-surface residual thermo­
elastic stresses that develop in the composites on cooling from the final processing 
temperature. An analytical model of these stresses is developed and some of the 
predictions are compared with experimental data. Following this stress analysis. Chapter 5 
examines indentation fracture of the composite material and a monolithic ceramic based 
on the matrix material. The study pays particular attention to lateral cracks (which lead 
to wear) and relates the fracture patterns to the residual stresses examined in Chapter 4. 
The first part of Chapter 6 examines single particle impact, drawing analogies with quasi­
static indentation fracture. The data derived from indentation and single particle impact 
studies is used then to provide an empirical prediction of the erosive wear rate. This 
prediction is compared with results acquired from laboratory-scale erosion of the 
specimens in the latter part of Chapter 6.
The conclusions of the work undertaken in this thesis, and suggestions for future work are 
presented in Chapter 7.
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Chapter 2
REVIEW OF THE LITERATURE
2.1 INTRODUCTION
Erosion is defined by the American Society for Testing and Materials (ASTM, 1977) as 
"the progressive loss of original material from a sohd surface due to the mechanical 
interaction between the surface and a fluid, a multicomponent fluid or impinging liquid 
or solid particles". This study is concerned solely with erosion by the impact of air-borne 
solid particles. The term erosion encompasses a complex set of interacting mechanisms, 
involving a wide variety of material and experimental variables, A  common approach to 
the study of erosive wear examines individual mechanisms, using single contact quasi-static 
and dynamic analogues, and laboratory scale multiple particle erosion tests. Quasi-static 
indentation fracture is a common starting point for the analysis of single contact sites, with 
ballistic single particle impact tests providing dynamic information. The final stage of this 
process involves a laboratory-scale study of the effects of individual experimental and 
material variables on multiple particle erosion. At each of these modular stages, the 
contact characteristics have been divided into elastic and elastic-plastic subsets.
This modular approach has been afforded a degree of success in predicting the erosion 
behaviour of soda-lime glass. Increasing the complexity of the microstructure by the 
introduction of crystallinity and/or a second phase results, however, in deviations from 
theory. Further, the two primary analyses used to describe the erosion characteristics of 
monolithic ceramics are not in agreement with respect to the influence of material 
variables such as target hardness. Since there are no generic models for monolithic 
ceramics, it is unlikely that existing theories will be entirely applicable to ceramic matrix 
composites (CMCs). It is instructive, however, to study the methodolo^ of these models
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and, when examining CMCs, to draw analogies with monolithic material behaviour. In this 
light, this chapter reviews literature pertaining to indentation fracture, single particle 
impact and multiple particle erosion of monoliths, drawing attention to work relating to 
CMCs wherever possible.
2.2 INDENTATION FRACTURE
2.2.1 INTRODUCTION
Indentation fracture is both of historical and practical interest. It dates back to 1881 with 
the studies of Hertz of conical fractures produced by elastic contacts between curved glass 
surfaces. The fully developed Hertzian cone crack is the typical stable fracture pattern 
in brittle solids. In 1891, Auerbach showed empirically that « R, where P  ^is the critical 
load required to initiate cone fracture in flat specimens and R is the radius of the 
indenting sphere. More recently, interest has switched to elastic-plastic contact situations 
and radian-medial craclœ introduced by diamond pyramid indenters have received the most 
attention.
Indentation fracture offers a number of valuable features: it provides an insight into the 
fundamental fracture mechanisms responsible for wear (Lawn, Hockey and Richter, 1983; 
Ramsey and Page, 1988); it yields information on the processes of brittle fracture in ionic- 
covalent solids; and arguably it can be used to determine material fracture parameters 
such as toughness. Moreover, the great appeal of indentation is the ease of use and 
simplicity of the test coupled with the widespread availability of hardness testing machines.
This section outlines some of the main aspects of brittle fr acture. First the nature of 
indentation fracture by "blunt" and "sharp" indenters is surveyed. A simple model capable 
of explaining these effects is then examined. Finally, the use of indentation fracture in 
the determination of fracture toughness is discussed briefly.
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2.2.2 CRACK SYSTEMS ASSOCIATED WITH ELASTIC INDENTATIONS 
Classically, indenters are characterised as being either "sharp" or "blunt" depending on 
whether or not there is irreversible deformation at contact. The most practical 
manifestation of the blunt indenter geometry is that of a hard spherical indenter (of large 
radius) loaded normally on a thick elastic specimen. This configuration produces the 
classical Hertzian cone crack, characteristic of elastic-elastic contact. Generic features of 
the Hertzian cone crack are given in Figure 2.1. An idealised sequence of events (after 
Lawn and Marshall, 1978) is:
a. Pre-existing surface flaws are subjected to tensile stresses outside the contact zone.
b. At some point during loading, a favourably located flaw runs around the circle of 
contact or more likely, just outside it, to form a ring crack.
c. On loading further, this crack grows incrementally downward in the rapidly diminishing 
tensile stress field.
d. At a critical load, the ring crack becomes unstable and propagates downward into the 
full frustrum of the Hertzian cone (this stage being denoted as pop-in).
e. As loading progresses still further, the cone continues in stable growth.
f. On unloading the cone crack closes.
Roesler, in his 1956 review of cone cracks, collated observations of quasi-static and impact 
loading of glass surfaces by spherical indenters. He was able to show that all the observed 
empirical relationships between indenter drop height, critical load and contact radius were 
manifestations of Auerbach’s law, derivable from Hertzian solutions. Using an energy 
balance rationale for unstable cracks (after Griffith, 1920), Roesler was able to predict the 
stability of the cone crack system and the dependence of the stable equilibrium crack 
dimension on contact load and material surface energy.
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Argon et al (1960) demonstrated that the formation of ring and cone cracks was 
controlled by the surface condition of the material Considerable scatter in the radius of 
the ring crack was observed, along with increases in the formation stress, on as-cleaved, 
hydrofluoric acid etched and tempered glass surfaces.
In 1966, Lawn and Komatsu confirmed the elastic nature of the spherical contacts, 
showing an absence of plastic deformation about the contact, using X-ray tomography. 
In 1969, however, Swain and Lawn noted that dislocation rosettes could be generated 
around Hertzian contacts in LiF. At relatively high loads, plastic deformation occurred 
in the zone directly under the contact, and under these conditions another mode of 
fracture, radial cracking, was generated. In 1977 Evans and Wilshaw observed lateral 
cracks and radial cracks as well as ring crack nuclei under spherical impacts in ZnS. More 
recently, Chaudhri and Kurkjian (1986) noted that "normal" glasses, typified by soda-lime 
glass, show lateral and radial crack nucléation and growth on the rebound (unloading) of 
a high velocity spherical particle, whilst "anomalous" glasses, typified by fused silica, show 
cone cracks on loading and lateral cracks on unloading. It is apparent from these 
observations that elastic and elastic-plastic contact are two extremes of a continuous 
interaction scheme, such that a range of loadstyelocities and contact geometries can 
encompass the two regimes. According to Oh et al (1972), the transition from purely 
elastic to elastic-plastic contact occurs when the radius of curvature of the indenter 
decreases below a critical value, R,. This transition occurs in soda-lime glass in the range: 
200 pm > Rc < 9 pm. Evans and Wilshaw (1976) provided a simple analytical calculation 
to determine R  ^ by employing Auerbach's Law (1891) and assuming that plastic 
indentation occurs when the maximum shear stress under the indenter reaches a critical 
value.
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The resulting expression was given as:
(2.1)
where E is the Young’s modulus and H is the hardness of the target.
2.2.3 CRACK SYSTEMS ASSOCIATED WITH INELASTIC INDENTATIONS 
The elastic contact pressure will increase with decreasing indenter radius. In the sharp- 
point limit, there will be a stress singularity. This singularity will be averted, physically, 
by irreversible deformation beneath the indenter point until the contact is large enough 
to support the load. The situation described here is elastic-plastic contact which is 
characteristic of "sharp" indenters such as the Vickers or Knoop profile diamonds. These 
indenters introduce two basic types of crack pattern: median-radial and lateral (Lawn & 
Wilshaw, 1975). Figure 2.2 presents a plan profile of these crack systems as well as 
isometric projections of loading and unloading sequences. Hagen and Swain (1978) give 
an idealised sequence of events as:
a. The sharp point introduces irreversible, inelastic deformation (refer to section 2.2.4.2).
b. At a critical load, one or more favourable flaws within the deformation zone become 
unstable and pop-in to form subsurface radial cracks. These cracks form on planes which 
contain the load axis (and usually a line of stress concentration such as an indentation 
diagonal or cleavage plane), known as tensile median planes.
c. As loading progresses, the cracks propagate incrementally downward (commonly, these 
are referred to as median cracks) .
d. As the load is removed, the cracks on the median planes close below the surface but 
open up in the residual tensile field at the surface as the contact recovers its elastic 
component.
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e. Immediately prior to complete removal of the indenter tip, the residual field becomes 
dominant which expands further the surface radiais. This residual field initiates also a 
second system of cracks near the elastic/plastic boundary. These are the lateral cracks 
which grow sideways, approximately parallel to the surface, and may grow up to the 
surface leaving a saucer-shaped crack which is liable to break away as wear debris.
f. The expansion of radiais continues, tending to half-penny shaped cracks centred about 
the point load. The continued extension of the radial and lateral cracks during unloading 
and the persistence of the birefringence Maltese cross when viewed under crossed-polars, 
testify to the importance of the residual contact stress.
The median stages, b and c, may be suppressed at light loads, such that only surface radial 
segments form. These surface-specific segments are referred to as Palmqvist cracks after 
their discoverer who, in 1957, noted the surface traces of cracks radiating from the corners 
of Vickers, Knoop and spherical remnant contact impressions on WC-Co surfaces. These 
crack patterns are, however, idealised and there are a number of geometrical deviations 
which occur in many materials (Palmqvist, 1957; Ogilvy et aL, 1977; Lankford & Davison, 
1979). Cook & Pharr (1990), in their review of indentation fracture, argue that there is 
very little evidence to suggest any generality of median nucléation on loading, or the half­
penny configuration on unloading in any materials other than the extensively studied soda- 
lime glass. Lawn (1993) suggests, however, that Palmqvist-type cracks are only partially 
formed cracks which, given sufficient load, will form the full half-penny system. Orange 
et al (1988) have concluded also that the crack morphology changes from radial to half­
penny as the indentation load increases. It is apparent, therefore, that one should remain 
cautious when referring to a generic crack pattern.
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2.2.4 CRACK DEVELOPMENT MODELS
2.2.4.1 Introduction
Although theory relating hardness to yield stress of metals is particularly well developed 
(e.g. Tabor, 1951) it is inapplicable to brittle materials, where yielding does not occur at 
a constant maximum shear stress and the volume is not constant (Bridgman and Simon, 
1953). It has been necessary, therefore, to develop new theories which include these 
possibilities and account for the observed crack systems. Key ideas are reviewed here.
2.2.4.2 The yield process in brittle materials
It is known that many brittle materials are capable of ductile behaviour in the presence 
of a high pressure (Bridgman, 1952). The mechanisms of yield are not particularly well 
understood, although shear deformation and/or compaction are thought to be contributing 
factors. Loss of volume is prevalent in materials which possess an open structure such as 
porous ceramics or pure fused sihca. Consequently, these materials are the most capable 
of accommodating the volume of the indenting tip. The incorporation of additives within 
silicate glasses will reduce possible compaction although this will be offset by the capability 
of shear deformation without rupture. With a high proportion of additives, compaction 
effectively ceases and is replaced by shear flow until, at 31% soda glass, the material was 
described by Bridgman and Simon (1953) as "more like plastic than a brittle solid".
High pressures facihtate the localization of flow which permits deformation and precludes 
a reversal as the load is removed. The elastic half-space is then left with an over-large 
hemi-spheroid which is fixed in a hemispherical cavity on its surface. The material 
response to this situation is to push and pull the inclusion back to its original form, which 
may result in cracking processes.
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2.2.43 Stress fields
There are many models which attempt to describe the development of cracks at 
indentation contacts (e.g. Lawn & Swain, 1975; Lawn, Evans & Marshall, 1980; Yoffe, 
1982; Chiang, Marshall & Evans, 1982). Early models (e.g. Lawn and Swain, 1975; Lawn 
and Fuller, 1975) considered the initiation and propagation of median cracks, driven by 
the elastic stress field of the indenter which was conveniently modelled by a point load 
on an elastic half-space, i.e. the Boussinesq field (Boussinesq, 1885). Lawn and Fuller
(1975) overcame the complication of a stress singularity by assuming that there was a 
discrete amount of plastic yielding at the indenter tip which distributed the load over a 
small, but finite, contact zone. It was recognised, however, that the plastic deformation 
associated with the contact alters the stress field in the surrounding elastically constrained 
material significantly and therefore the semi-empirical analysis of Evans and Wilshaw
(1976) assumed an elastic-plastic field from the outset.
More recent analyses recognise that the elastic component of the crack driving force is 
ancillary to the residual stress component about the zone of irreversible deformation. In 
the model of Lawn et al (1980), the net indentation driving force for fracture was 
considered to be the superposition of the residual field in the unloaded solid, and the 
field of an ideally elastic solid. The residual stress field was assumed to derive from 
accommodation of the expanding hardness impression in the surrounding elastic material 
to give an expression for the final radial crack length, c,:
_ 1^ 2/3 (2.2)
where k^  is a material independent constant for radial cracks arising from a Vickers profile 
indentation; E, H and are the Young’s modulus, hardness and critical stress intensity 
factor of the target, respectively, and P is the indentation load.
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Marshall et al. (1982) divided also the elastic-plastic field into elastic and residual stress 
field components, with the residual component providing the primary driving force. The 
growth of the lateral cracks was modelled then by means of simple plate theory (assuming 
that the laterals were parallel to the free surface and penny-shaped). All of the material 
above the crack plane was assumed to be loaded elastically on its axis, whilst the material 
below the crack plane was treated as being a rigid substrate. The resulting expressions 
for the equilibrium lateral crack length, c„ and thickness of material above the crack 
plane, h, were given as:
1/2
(2.3)
^ 1 / 2 (2.4)
where A is the compliance of the plate material above the crack, k^  is a dimensionless 
constant independent of the loading system and i|i is the included half angle of the 
indenter.
From this analysis, it is evident that lowering and H/E will promote lateral cracking, 
which is the same conclusion that may be drawn for radial cracks (Equation 2.2).
Alternative analyses provide a more detailed understanding of the inelastic region. The 
stresses which develop in material surrounding the deformation zone were quantified by 
Hill (1950). The Hill solution applies to an expanding cavity in an infinite solid and, 
therefore, modifications are required to account for the presence of a free surface. To 
date, the most rigorous solution has been provided by Chiang, Marshall and Evans (CME, 
1982). A key feature of the CME analysis is its ability to account for various cracking 
sequences during the indentation process, dependent on the material parameter, E/H.
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The CME analysis does, however, entail a significant amount of numerical analysis. It is 
instructive, therefore, to study the analysis of Yoffe (1982) which embodies the features 
of the CME analysis whilst affording a degree of numerical simplicity. In common with 
other authors, Yoffe superposed the Boussinesq field onto the field arising from an 
expanding cavity to account for the effect of indentation point loading. The resulting 
stress components reflect this methodology whereby the first term represents the 
Boussinesq field and the second term is derived from the centre of expansion;
a,=—^  (1 -  7COS0) + -^(19008^6 -  7) (2.5a)
P 008^ 6 B
® 4%r% (1 + COS0) cos^0 (2.5b)
-  (T^J '
^  sin0 co8 0  ^ _^5 sin0 cx)s0  (2 .5 d)
4%r 1 CO80 r
The coordinate system is given in Figure 2.3; P is the indenter load, B is a measure of the 
strength of the expanding cavity and a value of Poisson’s ratio of 0.25 has been assumed.
For different values of B, varying crack patterns can be expected and, consequently, it is 
necessary to express B in terms of indentation parameters and material variables. This has 
been achieved by the realisation that the volume, AV, displaced through any hemisphere 
centred on the centre of expansion is constant and is:
AK = É21É (2.6)
6  E
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During indentation, this displacement is equivalent to the volume of the contact 
impression (Marshall, 1984a) which leads to an expression for a Vickers profile diamond:
B = Q,026fE(PIHf^^ (2 •'7)
where H denotes hardness, E is Young’s modulus and f allows for non-volume conserving 
processes in the deformation zone, such that f is 0  where volume accommodation is 
entirely by densification and 1  when no densification occurs.
The elastic stresses are larger for small values of r and, therefore, the cracks initiate just 
outside the plastic zone. The position of the highest tensile stress near the zone 
boundary, however, is dictated by the value of B. B is proportional to the extra volume 
maintained within the zone and, consequently, is reduced by compaction or by increasing 
the indenter angle. Therefore B will be small in a porous or readily compacting material, 
beneath a large-angled indenter.
Each of the possible crack systems is driven by a different component of the stress field: 
a“ = a , (0 = 0 )
(0=ic/2)
^medians^ j,^  (0 = 0 )
(0 = 1t/2)
If a highly compacting material is indented using an indenter of large angle, B will tend 
to zero and the stress equations revert to descriptions of a Boussinesq field. It is evident 
that the highest tensile stress in the elastic region is g^  at the top surface (at r = a ,^ the 
contact radius). Cone cracks, characteristic of blunt contact, are expected, therefore, to 
appear close to the circle of contact. Significant tensile values of Ge and g  ^are also found 
at r=a when 0 = 0 .
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If B is now taken as having a small positive value which would occur with a more pointed 
indenter, or less compaction, the surface stress is reduced by 7B/r^ but on the axis Ug 
decreases by only B/r\ In other words as B increases, the axial tension overtakes the 
surface one and median cracks appear instead of ring and cone cracks.
If B is larger still, the tension on the axis diminishes further, but the circumferential stress 
is increasing at the same time. With low compaction and smaller indenter angle, 
therefore, the median crack is not observed, but surface radiais (Palmqvist, 1957) appear 
during loading.
When the load is removed, P tends to zero in Equation 2.5. This has the effect of 
changing the sign of some of the stresses. On the axis a tensile radial stress of ar=12B/F 
causes a lateral crack to open below the indentation and parallel to the surface. The 
other principal stresses decrease to negative values on the axis.
2.2.5 INDENTATION FRACTURE TOUGHNESS
2.2.5.1 Introduction
The fracture toughness, or the critical stress intensity factor (K^ ), is an important fracture 
property of structural ceramic materials. The conventional ways to evaluate K, (using 
standard specimens such as double cantilever beam (DCB), single edge notched beam 
(SENB) and chevron notched beam (CVNB)) require considerable care and a large 
amount of material. Recently, therefore, considerable effort has been made to obtain the 
fracture toughness of brittle material from indentation fracture (e.g. Evans and Charles, 
1976; Ponton and Rawlings, 1989; Niihara et al, 1983). The principle behind these 
measurements is that a series of indentations are made at loads in excess of the critical 
load required to initiate radial cracks, P,. A  number of indentation parameters are then 
measured (e.g. crack length, indentation radius and the applied load). One of 
approximately twenty expressions, developed by various authors, is then employed to
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obtain a value for K^ . There are, however, conditions and limitations which apply to each 
formula in that some have been formulated for median-radial cracks, whilst others have 
been developed on the basis of Palmqvist cracks.
2.2.5.2 Median-radial type cracks
In their study of glasses, Lawn and Fuller (1975) discovered the radial crack radius, c^ , 
increased with load, P, as:
C, = (2 .8 )
where k^  is an empirically derived constant. Marshall and Lawn (1979), on the basis of 
experimental observations, changed the form of Equation 2.8 to get:
K. = k^ PICr'^  (2-9)
In Equation 2.9, is the toughness of the indented material and k, is a constant to be 
determined for any given indentation/specimen system. Evans and Charles (1976) used 
the relationship between hardness, H, and the half diagonal length of the indent, a^ :
H  « PJUy (2-10)
and changed the form of Equation 2.9 to:
= 0.48(c>^-3'^ (2 .1 1 )
H o f
where 0  is a constraint factor (»3).
There are numerous variants of this equation (e.g. Niihara et al, 1983; Anstis et al, 1981; 
Lawn et al, 1980; Lankford, 1982), each making adjustments to improve model agreement 
with experiments for specific materials.
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2.2.53 Palmqvist type cracks
Palmqvist (1962) suggested first that the average length of the cracks, Ip, emanating from 
the corners of a remnant impression from a Vickers profile diamond indenter might be 
a measure of the relative toughness at low loads. Niihara et al (1983) made the 
distinction between Palmqvist and median-radial cracks by using different ratios of c/a^ or 
Ip/av ( = (c/a^) - 1). They found that for fya^  2.5, the crack profile is of Palmqvist type.
Fracture toughness models based on Palmqvist type cracks are also in abundance in the 
literature (e.g. Ogilvy et al, 1977; Niihara et al, 1983; Shetty et al, 1985). There appears 
to be less commonality between the different formulations and, as such, a typical 
derivation has not been given here.
2.2.5.4 Mixed type cracks
The variations, between the numerous equations for calculating fracture toughness from 
indentation fracture data, are significant. Lankford (1982) has challenged some of these 
analyses, arguing that Palmqvist cracks behave in a manner identical to fully developed 
median-radial cracks. He noted that data generated by Evans and Charles (1976) was 
plotted by Niihara et al (1983) in terms of \Ja  ^rather than cja^ in spite of no evidence 
that the cracks were of Palmqvist type. He then proceeded to modify the formula of 
Niihara et a l (1983) to give a "universal" formula to account for either median-radial, 
Palmqvist, or a combination of the two. He did, however, admit to errors of at least 35% 
in his formula when comparing four different brittle materials.
Orange et a l (1988), whilst examining alumina and zirconia, showed the diverging ability 
of the indentation crack models to describe measured crack lengths in these materials. 
The general conclusion was that there was a crack morphology change with increasing 
load which invalidated any general model. Dye penetration experiments by Sullivan and 
Lauzon (1986) and sectioning experiments by Matsumoto (1987) supported their
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contention of radial dominance, particularly at low loads. It is apparent, therefore, that 
crack length measurements alone do not define the crack morphology uniquely and, 
consequently, rigorous analysis of the indentation fracture patterns is required prior to the 
use of any models. In light of the fact that the models are incapable of providing an 
accurate description of the fracture toughness of monolithic ceramics, it is unlikely that 
they will be applicable to two phase materials.
2.2.6 TEMPERATURE, ENVIRONMENT AND MICROSTRUCTURAL EFFECTS
2.2.6.1 Introduction
Whilst hardness is a fundamental material parameter used in plasticity-dominated fracture 
(e.g. equations 2.2, 2.3 and 2.4), it is not a material constant. The hardness of a material 
is sensitive to variation in environment, contact scale, and microstructure. This section 
attempts, therefore, to provide a brief description of these variables.
2.2.6.2 Environment
The nature of the environment can have a significant effect on the hardness of materials. 
The environment is defined as the region above the surface of the material, which may 
involve liquids (e.g. water, alcohol or oil) or gases (such as air or water-saturated-air, etc.). 
It has been postulated that the primary effect of the environment is to form thin adsorbed 
layers on the surface of the material. Westwood et al (1981) claim that the mobility of 
near-surface dislocations can be altered by the electronic properties of the adsorbed 
layers, thereby causing variations in the observed hardness. Czernuska and Page (1984) 
examined the hardness behaviour of two debased alumina ceramics under a range of liquid 
n-alcohols. The alcohol influences hardness even at an indentation depth of about 1 pm, 
which is several orders of magnitude greater than the thickness of the monolayer. 
Westwood et al (1973) have reported similar variations, demonstrating the unpredictability 
of environment-related behaviour. Despite this unpredictability, it is clear that each 
environment should be treated in its own right and separate experimental measurements
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made.
2.2.6.3 Contact scale
The term used to describe the variation of hardness with load is indentation size effect 
(ISE) and has been observed in a wide range of materials (e.g. Buckle, 1973; Sargent and 
Page, 1978; Ramsey and Page, 1988). An ISE is observed in many hard ceramic materials 
(such as MgO, AI2O3 and SiC) as a marked increase in hardness as the indentation load 
is decreased from approximately 500 g to the limit of accurate measurement by reflected 
light microscopy (for most of the materials studied, roughly equivalent to 100 g). In 
common with environmental effects, ISE arises from the behaviour of the near-surface 
region of the sample. The mechanisms responsible for this effect are complex and have 
been difficult to establish, although Sargent and Page (1978) have described a number of 
possibilities such as sensitivity of deformation mechanisms to surface adsorbates, coupled 
with the increasing difficulty of propagating plastic flow in smaller volumes of material. 
Another possible mechanism arises from varying the relative scale of indentation and 
microstructure. This is best illustrated by a material with a relatively soft grain boundary 
phase. A marked increase in hardness is observed as the load is decreased to produce 
indentations smaller than the grain size. Bull et al (1989) provided a quantitative 
description of ISE. The authors proposed that the stresses derived from elastic flexure 
of the surface at the edges of the indentation are relieved by discrete bands of plastic 
deformation. During unloading, recovery of the elastic increment that precedes each new 
band of deformation results in a smaller indentation than expected. This effect becomes 
particularly significant as the indentation tends to the scale of the spacing of the bands 
of plastic deformation. The authors found that their model was consistent with 
experimental results.
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Sargent and Page (1978) have used a variant of Meyer’s analysis for spherical indenters 
to describe successfully the ISE as seen in indentations introduced by a Vickers profile 
diamond. The load, P is related to the indentation diagonal, d (=2a^) thus:
P = (2-12)
where k$ is a constant and njsB is the ISE index. If Uke has a value of 2, the hardness is 
independent of load. For most ceramics, however, n^ gg has a value of less than 2 and 
hardness is dependent on load,
2.2.6.4 Temperature
Studies of a number of engineering ceramics have demonstrated that hardness decreases 
rapidly with increasing temperature (e.g. Congleton and Petch, 1966; Naylor and Page, 
1981; Czernuska and Page, 1984). Mechanisms proposed to describe this behaviour 
include thermally activated dislocation glide and softening of grain boundary phases,
2.2.6.5 Microstructure
Sawyer et al (1980) suggested that a number of features of mixed phase or polycrystalline 
materials such as grain boundaries, grain boundary phases, second phase particles etc., will 
be expected to affect hardness response, Skrovanek and Bradt (1979) and Sargent and 
Page (1978) have established also that there are significant hardness variations with grain 
size. Another effect relates to the relative scale of the indenter and the microstructure 
(c.f. § 2.2.6.3).
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2.3 PARTICLE IMPACT
2.3.1 INTRODUCTION
For many years, interest in solid particle damage in brittle materials was limited to the 
regime where contact between the target and the impacting particle is purely elastic, 
leading to Hertzian fracture. Sheldon and Finnie (1966) were among the first to examine 
these elastic interactions, classifying the extent of damage on the basis of a classical 
Hertzian analysis of fracture beneath a spherical indenter with a large radius of curvature 
(c.f. § 2.2.2). Inherently, this elastic/brittle treatment leads to the conclusion that erosive 
wear is dependent on the size and distribution of pre-existing flaws as well as fracture 
toughness. Although of theoretical interest, these results have a limited application, in 
the practical sense, because the majority of important solid particle contact situations, such 
as erosive wear, involve surface penetration and permanent plastic deformation by angular 
shaped particles. Typical contact situations, therefore, are analogous to quasi-static 
indentation fracture. Treatments of elastic/plastic contact have emphasised the 
importance of hardness of the material as well as fracture toughness, this being reflected 
in some of the models of erosive wear, e.g. Evans et aL (1978). Evans and his co-workers 
noted that the plastic processes which govern crack formation for impact by sharp 
particles become active also when blunt particles impact at high levels of loading. Thus, 
the distinction between blunt and sharp impact depends on the rôle of plastic deformation 
in the impact process. The transition between the two is characterised by a critical 
particle velocity which depends on the fracture toughness, hardness and surface structure 
of the target material. Models which have been developed to describe particle impact in 
ceramics may be divided into two main groups: elastic contact and elastic-plastic contact. 
These groups may be subdivided further into quasi-static and dynamic analyses.
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In practice, erosive wear of materials involves long times of exposure under steady-state 
conditions. By its nature, however, single particle impact is a discrete process and, 
consequently, although an important prerequisite for the understanding of erosive wear, 
multiple particle effects require some attention also, these being considered in § 2.4.
2,3.2 THE ELASTIC REGIME
2.3.2.1 Introduction
The damage to relatively hard materials, impacted by highly deformable projectiles, is 
manifested as short circumferential cracks (Evans and Wilshaw, 1977). This cracking is 
usually accompanied by chipping, particularly when the target is being impacted by liquid 
drops (Adler, 1979). The lack of permanent deformation in the contact zone has led to 
the term "elastic response regime" (c.f. § 2.2.2). Quasi-static contact, as seen in 
indentation tests, usually forms a single circular crack or concentric cracks. Similar 
Hertzian elastic-type fracture has been observed as the result of low velocity impact of 
hard spheres which are larger than a critical size (e.g. 0 . 8  mm steel spheres impacting at 
less than 30 m s'^  on glass; Wiederhorn and Lawn, 1977). The crack patterns in glass 
plates impacted by tungsten carbide and glass spheres, however, have been shown to be 
more variable than their quasi-static equivalents (Kirchner and Giuver, 1977; Chaudhri 
and Brophy, 1980). These dynamic patterns may be partial, spiralled, or the main cone 
angle may vary with velocity.
If the target surface is not clean, flat or single-phased, then the crack morphologies may 
be more complex and unpredictable (Evans, 1978). When the target material comprises 
multiple phases, other modes of material removal, such as ejection of second-phase 
particles or grains, may predominate. These alternative modes of fracture are of primary 
importance when considering CMCs.
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23.2.2 Quasi-static approach
Hertzian cracks initiate from pre-existing flaws and, therefore, a minimum stress (or 
impact velocity) is required for their formation (Kirchner and Gruver, 1977; Evans, 1973). 
This threshold velocity is governed by the critical stress intensity factor, K^ ., of the target 
material and the radius of the impacting particle, R. Wiederhorn and Lawn (1977) and 
Evans (1973) used a linear elastic fracture mechanics analysis to describe the size of the 
Hertzian crack formed during impact. The maximum impact force was calculated by 
applying a quasi-static approximation (assuming that the contact circle during impact 
expands at a rate less than the velocity of the elastic waves in either projectile or target 
material) to the impact velocity. Fragmentation of the impacting particle was assumed to 
be negligible and, consequently, all the kinetic energy was assumed to be converted to 
elastic energy during impact. The maximum impact force was then obtained from the 
stored elastic energy at the deepest penetration of the particle into the material surface.
From these assumptions, the maximum impulse load, P^ ,, is given as:
(2.13)
where E is the Young’s modulus of the target, p, R and v are the density, radius and 
velocity of the impacting particle, respectively, and k is a dimensionless quantity:
k=(9HS) [(1 -  v )^ + (1 -  v /)  W £p]
where v is Poisson’s ratio of the target and Vp and Ep are Poisson’s ratio and Young’s 
modulus of the particle, respectively.
The critical load, P^ , to initiate a Hertzian crack during impact is determined from the size 
of the critical flaw in the target surface. For most situations, this is conveniently provided 
by the large flaw approximation for which Auerbach’s Law is vahd (Lawn and 
Marshall, 1978):
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P, = ^  (2.14)
where kg is a dimensionless material parameter, determined experimentally.
Substituting 2.13 into 2.14, Wiederhorn and Lawn (1977) obtained the critical velocity, v^ , 
for Hertzian crack formation:
(48/125%y«WE)V«g5/3 y  = ------------------------------ fZ.lO)
The crack size for particle velocities, which are greater than this critical velocity, was 
determined using Roesler’s energy balance (1956) for crack propagation:
(2.16)
where P is the impulse load, Cr is the base radius of the cone crack formed during impact, 
and k? is an empirically determined constant.
Substituting 2.13 into Roesler’s equation (2.16), an equation for the size of the cone crack 
which forms on impact can be obtained. Assuming that the effective flaw size for 
fracture, c, is proportional to Cr (c = kgCa), then simple fracture mechanics can be used 
to provide residual strength predictions:
a = -^s (2.17)
Wiederhorn and Lawn (1977) have shown that this theory predicts the effects of particle 
size, velocity and density on the strength of glass impacted by steel and tungsten carbide 
spheres. The theory does not, however, account for the resulting crack morphology.
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Chaudhri and Walley (1978) noted that the loading history also contributes to the final 
crack morphology. They observed small rims forming along the edge of the Hertzian 
cracks as the particle leaves the target surface. It was hypothesised that this was a result 
of either elastic wave generation during crack formation, or rebound of the surface as the 
sphere leaves the target. It is apparent, therefore, that there are differences between 
quasi-statically and dynamically formed cone cracks which have not been taken into 
account by the aforementioned analysis, rendering the analysis invalid in situations of high 
velocity impacts by soft and/or compressible projectiles.
2.S.2.3 Dynamic approach
The annular array of circumferential cracks which is seen to form during impact is 
assumed to form, primarily, from the action of radial tensile stresses (associated with 
surface or Rayleigh waves) on pre-existing flaws. Consequently, dynamical analyses of 
impact damage have concentrated on determining temporal and spatial evolution of 
stresses created by the impact of elastic bodies. Lamb (1904), proposed the first such 
analysis, considering the surface displacements resulting from rapid loading and unloading 
at a point on an elastic half-space. Although this analysis has seen a number of 
modifications (for a review, refer to Mooney, 1974), the underlying trend is that, in the 
far field, the intensity of the surface wave decays with the reciprocal of the square root 
of the radial distance from the source. Blowers (1969), in an alternative study, employed 
an idealised model of stress waves propagating in a rigid elastic half-space, subjected to 
a uniform pressure over an expanding circular region on its surface. Assuming that the 
sphere is entirely compressible and that the target surface is rigid, the time dependent 
radius of the contact area was known. Using one-dimensional elastic wave relations. 
Blowers was able to estimate the pressure distribution on the surface. Whilst Lamb’s 
results were valid only in the far field. Blower’s analysis was valid for any point in the half­
space for a uniform pressure distribution. No account was made of elastic constraint, 
however, and consequently the solutions are valid only in the early stages of impact or
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when particle penetration is negligible. Despite this constraint, Evans and Wilshaw (1977) 
have used Blower’s analysis to predict, successfully, the region of crack growth in brittle 
materials impacted by high velocity plastic spheres and water drops.
2.3.3 ELASTIC-PLASTIC REGIME
2.3.3.1 Introduction
The elastic-plastic regime is the extreme behaviour observed when projectiles are 
relatively hard. The intense shear zone which develops below the contact site results in 
plastic deformation which is accompanied by fracture, similar to that observed in elastic- 
plastic indentation fracture (Figure 2.2). Evans (1979) proposed that there are three 
primary types of fracture: radial, conical and lateral cracks. Ruff and Wiederhorn (1979), 
however, postulate that there are only radiais, which are responsible for strength 
degradation and laterals which account for erosive wear. Both sets of authors agree that 
radial cracks form during the loading portion of the impact cycle, whereas lateral cracks 
form on unloading, as a result of the plastic deformation beneath the contact site 
(c.f. § 2.2.3). The lateral cracks often curve and propagate toward the target surface, 
resulting in chip formation and loss of material. Evans (1979) observed a direct 
relationship of lateral crack depth with contact radius for a number of cases (Figure 2.4).
The threshold velocity for crack formation is considerably lower for sharp than blunt 
particles (Wiederhorn and Lawn, 1979). Lawn and Evans (1977), using an elastic-plastic 
analysis, indicated that the critical load for radial crack formation, Pg, depends both on the 
hardness and critical stress intensity factor of the target material.
Hockey et at (1978), in their study of a group of brittle crystalline materials impacted by 
hard particles, obtained direct evidence for plastic flow. The microstructural features 
observed were very similar to those seen in quasi-static indentation tests (Hockey, 1971; 
Hockey and Lawn, 1975). Dense tangles of dislocations were observed at the impact site
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for all the materials examined: the density of dislocations was similar to that observed in 
metals. The dislocation and crack morphology was shown to be dependent on the crystal 
structure. Ionic crystals such as MgO exhibited the propagation of dislocation arrays along 
(110) planes well beyond the impact area. Cracks were observed also to propagate on 
these planes, but were contained within the dislocation arrays. Within covalent crystals 
such as Si, dense arrays of dislocations were observed at the contact site. However, these 
dislocations were bound tightly to the immediate vicinity of the contact site. Cracks 
propagated well beyond the contact site, leading often to chipping. Materials such as 
AI2O3  and SiC, which possess a mixture of ionic and covalent behaviour, experienced the 
propagation of both cracks and dislocation arrays far beyond the impact site.
2.3.3.2 Quasi-static approach
In common with elastic contact impact models, pre-existing flaws at the impact site are 
assumed to be the sources for crack formation These flaws grow as a result of the 
stresses resulting from the presence of the plastic deformation. The model of Lawn and 
Evans (1977) to describe crack initiation in elastic-plastic indentation may be applied, 
therefore, to quasi-static impact. Lawn and Evans derive the critical load for fracture, 
(i.e. the lowest load required to form a crack which is just visible outside the indentation 
impression) and c^ c the corresponding critical radial crack size,
-  (R J ir f  (2.18)
« kIiH^  (2-19)
The authors calculated P<, for a number of materials and found a range from 3 x 10 ^  N for 
Si to 40 N for NaCl.
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However, Equations 2.18 and 2.19 were developed for quasi-static indentation and do not 
allow for a contribution from velocity. The problem with evaluating load transfer from 
projectile to target is that, to date, a complete elastic-plastic solution to the indentation 
process is not available. Consequently, the rate of projectile deceleration and the change 
in particle momentum at the target are unknown quantities. The model of Wiederhorn 
and Lawn (1979) attempts to circumvent this problem by making the assumption that the 
kinetic energy of the particle contributes entirely to plastic flow on contact with the 
specimen surface. It was assumed also that the impact occurred slowly relative to the 
velocity of stress waves in the target or projectile.
The fundamental assumptions of Wiederhorn and Lawn’s contact model (1979) may be 
demonstrated by considering a contact event for a perfectly rigid, sharp, conical-shaped 
particle (Figure 2.5). The particle has an apex angle of 2i|r and base radius, R. The 
penetration depth has been denoted as z. In the quasi-static approximation, the particle 
contact force, P^ , balances the tractions exerted by the target material, hence 
P; = itHz^ tan^ Tjr. It is then assumed that the plastic work done, is a fixed fraction 
of the particle kinetic energy, U^ , such that:
Uplcsa, = /
where y is a transfer coefficient, equal to the fraction of kinetic energy used in plastic 
deformation work. Combining the resulting ejq)ression for the maximum penetration, 
with the expression for P^ ,), one obtains the maximum impulse load, P^:
(2.20)
where p is the density of the target.
29
Chapter 2: Review of the Literature
Lawn and Fuller (1975) showed that Equation 2.16, developed using Roesler’s analysis for 
elastic contact, was valid for radial cracks and, consequently, 2 . 2 0  may be substituted into 
2.16 to give an expression for the crack size formed on impact:
C, cc p4 /9^ 2 /9yS /9^ ^ -2 /3 ;j^ 3  ( 2 .2 1 )
Whilst this analysis was based on radial cracks, the lateral crack size, c„ is substituted often i
into Equation 2.16 on the premise that lateral cracks are directly proportional in size to !
iradial cracks.
The authors showed that there was reasonable consistency between the model and i
experimental results for the strength degradation of soda-lime glass impacted with SiC grit. i
I
2.3.3.S Dynamic approach |
The obvious short-coming of the Wiederhorn and Lawn (1979) approach is the fact that 
contact was assumed to be quasi-static. This problem was addressed by Evans et al. (1978) 
who assumed that plasticity assumed a minor rôle in the jfracture process. Evans and co­
workers made some simplifying assumptions: that a spherical particle penetrates into the 
target surface without distortion; and that the contact pressure is the dynamic pressure set 
up when the projectile first contacts the target surface. The resulting expression for the I
maximum impulse load, P^, is:
(2.22) I
where R is the particle radius and p is its density. Drawing on the analogy between the
impact damage observed in the elastic-plastic regime and that obtained quasi-statically, it
was assumed that the quasi-static fracture characterisation was appropriate also for the |
impact problem, hence 2 . 2 2  was substituted into 2.16 to obtain an expression for the size
of crack (radial) formed during impact:
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A comparison of Wiederhorn and Lawn’s (1979) analysis (Equation 2 .2 1 ) with Equation 
2.23 reveals that they share the same dependence on the critical stress intensity factor, 
namely resulting from a common use of Roesler’s equation. The theory of 
Evans et al (1978), however, suggests a stronger dependence of crack size on velocity 
than that of Wiederhorn and Lawn. Furthermore, Wiederhorn and Lawn make provision 
for the hardness of the target material which has been left out of the analysis of Evans 
et al Both sets of authors have provided experimental results which claim to be 
consistent with theory. It is apparent that further experimental data and a more detailed 
comparison of the two theories is required to ascertain which model describes best particle 
impact and under which particular conditions.
Evans et al (1978) addressed also the problem of lateral crack formation, accounting for 
depth of formation and equilibrium extension. They assumed that, since on unloading the 
in-plane tensile stresses reach a maximum close to the elastic/plastic interface, the 
depth, h, of lateral cracks is proportional to the plastic zone depth at full penetration of 
the projectile. A  general expression for plastic penetration (after Goodier, 1965) was 
applied, subsequently, in conjunction with experimental data on crack depth to give:
(hIR? « v(p/fl)’^  (2.24)
An experimental study of several ceramic materials yielded results which were consistent 
with this theory.
31
Chapter 2: Review of the Literature
An alternative approach to the dynamic model of Evans et al (1978) has been provided 
by Liaw et al (1984) who used finite element analysis to ascertain the dynamic stresses. 
Although a number of experimental results compare favourably with the analysis, there 
were a number of cases where observed cracks and their orientation was not predicted by 
the theory, probably due to the inherent assumptions of elastic contact.
2.3.4 IMPACT STUDIES OF CERAMIC MATRIX COMPOSITES 
The majority of work involving dynamic contact of ceramic matrix composites has involved 
variants of the Charpy test (e.g. Phillips et al, 1990). This mode of composit^testing is, 
however, large scale and beyond the scope of this project. Consequently,jwill not be 
discussed here.
Phillips et al (1990) studied also ballistic impact of CMC^. 6  mm diameter steel spheres 
were impacted (with velocities of 70 and 140 m s'^ ) normal to (0,90)2* carbon fibre 
composites with borosilicate and lithium alumino-silicate matrices. Both materials 
exhibited similar fracture morphologies, the damage being very localised. Damage to the 
jfiont surface was confined to a round hole caused by the projectile. No delamination or 
ply splitting was visible along the specimen edges. Impact damage was obsei-ved to 
become more localised as the impact velocity was increased.
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2.4 EROSION
2.4.1 INTRODUCTION
Erosion of brittle materials by solid particles is a complex process in which material is lost 
from the surface by brittle fracture (Evans, 1979; Ruff and Wiederhorn, 1979). Extensive 
studies of erosive wear have abounded since Wellinger’s (1949) realisation that there are 
two types of erosive response which are dependent upon the angle of impact. It was 
noted that the maximum erosive wear rate of a ductile carbon steel was achieved at 
approximately 25° to the target surface. Using a brittle high carbon steel, however, it was 
shown that the erosion rate increased with increasing angle, rising to a maximum at 
normal incidence. Many subsequent studies (reviewed in e.g. Preece and Macmillan,
1977) have observed this angular dependence on erosion (Figure 2.6). It has become 
apparent from more recent studies, however, that there is a continuum of behaviour 
between the two extremes (Evans, 1979). In the context of this study, ductile erosion is 
not of relevance and, consequently the reader is directed to the relevant literature for 
further information (e.g. Ruff and Wiederhorn, 1979; Hutchings et al., 1976).
Erosion has been found to depend on several factors: particle mass, shape and velocity 
and target hardness and fracture toughness. Whilst the erosive wear behaviour of more 
ductile materials involves multiple particle effects, that are not apparent from single 
impact studies (Hutchings et al., 1976), a number of authors (e.g. Evans., 1979) have 
found that significant analogies may be drawn between single particle impact and erosion 
of brittle materials by lateral fracture. Indeed, Evans (1979) suggest that multiple particle 
studies have indicated that there is little interaction between lateral cracks from adjacent 
impacts. This approach, however, ignores multiple particle complexities such as a wide 
range of simultaneous attack angles, particle impacts within the incident stream and 
surface shielding due to rebounding of particles. The problems of particle fragmentation, 
which are as much of a problem in single particle impact, require consideration also.
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There are several fundamental models which consider the erosive wear rate of brittle 
materials. These models are based on single particle impact studies (c.f. § 2.3) and may 
be subdivided, therefore, into elastic and elastic-plastic contact. These subdivisions have 
been subdivided further by quasi-static and dynamic considerations. All the models 
assume that the particle incidence is normal to the target surface (i,e. assumed maximum 
erosion rate) and that there is an absence of multiple particle effects.
This section discusses also some of the parameters which affect the rate of erosion.
2.4.2 THE ELASTIC REGIME
In the quasi-static model proposed by Sheldon and Finnie (1966), erosion is assumed to 
occur as a result of Hertzian contact stresses during impact. These stresses cause cracks 
to grow from pre-existing flaws in the target surface. The load at which crack propagation 
occurs was obtained using Weibull statistics. The weight loss was attributed to the damage 
resulting from non-interacting single particle-induced Hertzian cone cracks. The volume 
removed per impact was assumed to be proportional to the product of the area of cracked 
material and the particle penetration depth. The final equation gave the erosion rate, W 
(mass lost per mass of erodent), as:
W = (2-25)
where a  ^= 3(m - 0.67)/(m - 2) for round particles
a  ^= 3.6(m - 0.67)/(m - 2) for angular particles
b,y = 2.4(m - 0.67)/(m -2) for either shape
kg involves properties of both the projectile and the target (including Weibull 
parameters).
m is the Weibull modulus
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Experiments, performed by the same authors, involving the use of angular SiC and 
spherical steel particles on several brittle materials showed that the exponents a,^  and b,, 
agreed well with theoretically predicted exponents. Sheldon (1970) compared also 
experimental and theoretical values of kg, and found reasonable agreement. It is to be 
concluded, therefore, that the model of Sheldon and Finnie (1966) provides a reasonable 
description of erosive wear when Hertzian contact is prevalent. It is an anomaly, however, 
that the authors claim that angular particles lead to elastic and not elastic-plastic contact.
An alternative model was proposed by Mehrotra et al. (1978) who examined impact by 
brittle spheres. Their primary assumption was that material loss was a result of the 
interaction of three or more cone cracks. Hertzian fracture theory was employed to give 
an expression for the volume wear rate, V:
OC y^O. 8  _y^0 .8 T^{ (2.26)
where v„ is the threshold projectile velocity below which erosion is absent and q is derived 
from the height of the cone frustrum, which is a property that is difficult to determine 
and, consequently, a weak point in the model.
2.4.3 THE ELASTIC-PLASTIC REGIME
2.4.3.1 Introduction
There are two prominent elastic-plastic theories which have been developed to explain 
the erosion of brittle solids. Both models assume that lateral cracks are the cause of 
material loss and that these cracks grow in a quasi-static manner as a result of residual 
stresses introduced by the impact event. This assumption of elastic-plastic contact 
conditions, regardless of the contact event, is questionable in the light of recent research 
by Ritter et al. (1986) and Wada and Watanabe (1987 a &b, 1989) who have shown that 
erodent particle/target material combination of properties is important. Both models 
employ Lawn and Fuller’s (1975) premise that Equation 2.16 is valid for radial cracks. 
The models then assume that the lateral crack size is directly proportional to the size of
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the radial crack. The erosion rate, V, expressed as the target volume removed per particle 
impact is given as:
V = %cfh (2.27)
where h is the depth of the lateral crack below the target surface.
The other main assumption of the two models is that there is no interaction between 
impact sites such that the total wear rate is simply a summation of the volumes resulting 
from individual contact events.
The two elastic-plastic wear theories differ in their assumed dependence of impact load, 
Tm, on the kinetic and material parameters that are important to erosion.
2.4.S.2 Quasi-static approach
Ruff and Wiederhorn (1979) used the quasi-static formulation for impact developed by 
Wiederhorn and Lawn (1979) in order to analyse erosive wear in the elastic-plastic 
regime. Almost all of this analysis is derived from Wiederhorn and Lawn (1979) and, 
consequently, the quasi-static model of erosive wear is attributed to these authors. 
Substituting c, for c^  in Equation 2.21, the authors obtained an expression for the 
equilibrium lateral crack extension. The depth of the lateral crack was assumed to scale 
with the maximum penetration depth of the particle, i.e. h « In § 2.S.3.2, was 
calculated by equating the work done in plastic flow of the target with the kinetic energy 
of the impacting particle such that:
OC (2.28)
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Combining Equations 2.21 (with c, substituted for c j and 2.28 with Equation 2.27, the 
volume wear rate, V, is given as:
y  OC y22/9j l^l/3pll/9j^^-4/3jyl/9 (2.29)
2.4.3,3 Dynamic approach
The theory developed by Evans e( al (1978) allows for dynamic stress wave effects in the 
calculation of the impact load, P„,. Using the same assumptions as § 2.3.3.3, a spherical 
particle is assumed to penetrate a target without distortion; the contact pressure is then 
assumed to be equivalent to the dynamic pressure that occurs when the particle first hits 
the target. Combining Equations 2 .2 2 , 2.23 and 2.24 Equation 2.27, the expression for 
the erosion rate is given as:
V OC p 8 / 5 2 ^ ^ - 4 / 3 ^ - V 4  (2.30)
The forms of the quasi-static and dynamic equations are similar in that they both express 
the erosion wear rate as a power-law dependence on target (K^ , H) and particle (v, R, p) 
properties.
2.4.4 GRAIN BOUNDARY CRACKING
A number of recent investigations (e.g. Wiederhorn and Hockey, 1983; Ritter, 1991) have 
shown that the impact damage and strength degradation of polycrystalline aluminas and 
other materials (impacted by SiC) is not consistent with elastic-plastic theory.
In contrast to the radial and lateral cracks, observed typically in elastic-plastic contact, 
damage is observed as pits formed through extensive granular chipping. Each pit may 
encompass a number of grains and the overall effect is of widespread grain pull-out from 
the target surface. The post-erosion strength appears to tend towards a constant value 
at high kinetic energy, which is also in contrast to classical erosion theory.
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Ritter et al (1984) have attempted to provide an analytical model to describe the erosive 
wear rate in the grain boundary cracking regime. Their primary assumption was that the 
kinetic energy of the erodent particle, U ,^ was transferred entirely to the target to produce 
grain boundary cracking. The damage is, therefore, controlled by the amount of energy 
imparted to the target by the incoming projectiles. In order to produce new surfaces, it 
is necessary to consider the grain boundary fracture energy, T, and the surface area of the 
grains:
n^Tdl « C/j (2-31)
where Ug is the number of grains per pit and dg is the average grain diameter.
If it is assumed that a pit, volume Vp, is formed as a result of grain fall-out, then the 
number of grains per pit is given as:
iig « (2.32)
The volume of material removed per impact (erosion rate), V, is simply the volume of the 
pit. Combining 2.31 with 2.32:
V « (2.33)r
Although Ritter (1985) found theory and experiment to be consistent in terms of erosion 
rate and strength degradation, there has been no specific study of the effects of T and dg 
on wear rate, hence the model requires further evaluation. Since «<= v^ , the erosion rate 
scales with a velocity exponent of 2. In most practical situations this exponent is greater 
than 2  and, consequently, the model has not been adopted widely.
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2.4.5 SIGNIFICANT PARAMETERS
2.4.5.1 Introduction
Erosion rate is dependent upon a number of material properties, involving characteristics 
of both the target and the erodent. The single most commonly used material test to 
evaluate the erosion potential of a target has been the quasi-static indentation test. 
Whilst this test provides a significant amount of useful information pertaining to erosion, 
the information is by no means sufficient and recent studies of other material 
characteristics have proved to be of significant value in wear studies. There are also 
added complexities such as environmental reactions, elevated temperature exposure and 
second phases (e.g. composites), which require consideration.
2.4.5.2 Target properties: fracture toughness and hardness
The toughness and hardness of a material have been shown, by the models developed to 
describe erosive wear, to be important target properties. Both of the elastic-plastic 
erosion models (Equations 2.29 and 2.30) predict the same dependence of erosion rate 
on toughness ( V W h i l s t  there is complete contrast in their predictions of the 
hardness exponent (V«H^® after Wiederhorn and Lawn, 1979; after Evans et al,
1978), both models agree that H is a more minor consideration.
The model for erosive wear in the elastic contact regime (Equation 2.25, Sheldon and 
Finnie, 1966) assumes that the modulus of elasticity and Weibull parameters are the 
significant target parameters that affect the erosive wear rate. In the grain boundary 
cracking model of Ritter et a l (1984, Equation 2.33), the only target variables are the 
grain size and grain boundary fracture energy although, as discussed previously, these 
parameters require systematic evaluation.
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Wiederhorn and Hockey (1983) examined a number of materials and applied a multi­
variate linear regression analysis, an approach which is independent of the erosion models. 
The regressive fit gave the erosion rate as:
V « 8 2^3.9 p 1.4 ^ ^ -1.9 ^ 0.48 (2.34)
The dependence on fracture toughness is shown by this expression to be stronger than 
that predicted by the erosion models. This difference was hypothesised, by Wiederhorn 
and Hockey (1983), as being due to the random nature of the erosion process, coupled 
with the effects of varying microstructures. The positive nature of the hardness exponent 
in Equation 2.34 is consistent with the trend predicted by the quasi-static analysis of 
Wiederhorn and Lawn (1979). The regression analysis suggests, however, a stronger 
dependence of erosion rate on hardness than that predicted by the quasi-static analysis 
(0.48 compared with 0.11, respectively). According to the quasi-static theory (§ 2.3.3.2), 
the wear rate is governed by the maximum load and also the maximum particle 
penetration, both of which are dependent on hardness. Considering the expression for 
the maximum load, the hardness assumes a positive exponent. The amount of chipping 
is proportional to the maximum load during impact and hence the erosion rate will 
increase with increasing hardness. The depth of lateral cracking is assumed to scale with 
the depth of penetration. Greater penetration will occur with decreasing hardness, hence 
the wear rate is expected to decrease with increasing hardness. In the final erosion 
equation, therefore, the load term and penetration term are at odds with each other, with 
respect to target hardness. In Equation 2.29, the maximum load term dominates and the 
hardness exponent is positive. Applying the same rationale to the results from the 
regression analysis, one can deduce that in practice, the load term is dominant to a greater 
extent than that predicted by theory. Similarly, Ritter et al. (1987) employed dimensional 
analysis and, using multivariate regression, gave an expression for the erosion rate, V:
V = (235)
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The toughness exponent is greater than that given by Equations 2.29,2.30 & 2.34 and the 
erosion rate has been given a weak dependence on E/H. This latter effect can be 
rationalised as being a result of the study examining five different aluminas and, therefore, 
there was a constancy of E/H from sample to sample. Analysis of the resulting impact 
damage to these aluminas revealed a variety of mechanisms, ranging from elastic-plastic 
to grain boundary fracture. Since a good fit was achieved by the regression analysis, 
Ritter et al, (1987) postulated that the erosion rate was independent of the microstructure 
of the target material and the nature of the impact damage.
Evans et al. (1978), in an experimental evaluation of the dynamic model of erosive wear 
(§ 2.3.3.3), found that the dependence of wear rate on toughness was greater than 
predicted. This was rationalised by assuming that the poorly defined variable, % (the 
fraction of the maximum volume of material that each impact could remove), inherent in 
the dynamic analysis, was dependent also on toughness and hardness.
In 1981, Gulden detailed a study of a number of target materials (with varying properties) 
eroded with quartz and SiC. The study was designed to evaluate the elastic-plastic erosion 
equations and found, surprisingly, that in most cases where contact was truly elastic-plastic, 
the model predictions were consistent with experimental results. It was assumed, 
therefore, that the microstructure and material interactions during impact were accounted 
for sufficiently by the erosion models. This conclusion contrasts with the conclusions of 
Wiederhorn and Hockey (1983). The literature contains a number of studies which found 
also the model predictions to be inadequate (e.g. Wada and Watanabe, 1987a; Ritter et 
al., 1987; Srinivasan and Scattergood, 1988).
41
Chapter 2: Review of the Literature
2.4.53 Particle properties
I. Density
The particle density appears as a parameter only in the elastic-plastic models. The quasi­
static model scales the erosion rate with whilst the dynamic model scales with 
To date, however, there has been no systematic study of the effects of particle density on 
the erosion rate because it is difficult to alter the density without changing other variables.
II. Shape
Particle shape is usually material specific, such that SiO  ^tends to be rounded, whilst SiC 
and SigN^  are often angular and AI2O3 is an intermediate shape known as sub-angular. 
Those particles which are soft fragment easily and tend to be blunt whilst hard particles, 
such as SiC, have a lesser tendency to fragment and remain sharp. It was discussed in 
§ 2 . 2  that sharp contacts lead to elastic-plastic fracture whilst blunt contacts give rise to 
Hertzian fracture. Evans et al (1978) showed, however, that these regimes are blurred 
by dynamic considerations such that the particle velocity, not shape, dictates the contact 
characteristics.
in. Flux
Anand et al (1987) found that an unexpectedly low erosion rate was observed on 
increasing the flux. Shielding by incoming particles was attributed to this observation. 
This shielding was modelled in terms of a particle collision removing incident particles 
from the erosion mechanism. The resulting reduction in wear rate was then found to vary 
exponentially with particle flux, becoming more pronounced at relatively low velocities. 
Anand et a l (1987) suggested that particle fragmentation may lead also to shielding 
effects.
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IV. Hardness and toughness
Wada and Watanabe (1987 a & b and 1989) have made extensive studies of the effects 
of "soft" and "hard" erodents on the behaviour of SiC, Si^ N^ , and AI2O3 . They found that 
when the ratio of particle to target hardness (Hp/HJ was greater than unity, there was a 
marked increase in the erosion rate which was accompanied by a variation in damage 
morphology, such that at a low Hp/Hy there was only plastic deformation whilst at a high 
ratio there was lateral and radial cracking. Muragesh and Scattergood (1991) studied also 
this hardness ratio, but did not observe a similar effect and concluded that Wada and 
Watanabe (1987a) were encountering particle fragmentation effects. Despite this 
observation, particle/target hardness and toughness combinations are required to explain 
why a particle may penetrate the target intact, fragment, deform plastically, or rebound 
on contact with the target surface.
Using quasi-static indentation, Muragesh and Scattergood (1991) examined the effects of 
load on particle fragmentation. It was found that harder particles fragment at higher loads 
than soft particles. Subsequently, the authors proposed that the ratio of particle to target 
toughness (K^p/K,J was as important as the hardness ratio. It was suggested also that the 
critical hardness ratio of unity should be modified to include this toughness ratio. 
Assuming that the target and particle undergo plastic deformation simultaneously and, 
using a critical depth criterion for indentation fracture, the authors derived an expression 
for the relative propensity for erodent fragmentation, F:
pj (2.36)
where s is dependent on particle shape and model assumptions and is in the range 
-1 ^ -1/3. Pp is a geometric constant that depends on the intrinsic flaw population of
the particle and Pt is another geometric factor pertaining to the target shape and flaw 
population.
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Erodent fragmentation is more likely (relative to lateral cracking in the target) as F 
increases. Whilst the authors found that it was difficult to establish a direct connection 
between erodent particle fi agmentation and steady-state erosion rates, they concluded that 
their results were consistent with a reduction in erosion rate for increased fragmentation.
V. Size
The elastic model of erosion (§ 2.4.2) predicts that the size exponent is dependent on the 
Weibull modulus, m, and also the shape of the particle. For a typical brittle material with 
m=12, the size exponent is 4 for angular particles and 3.5 for spherical particles. The two 
elastic-plastic theories of erosion (§ 2.4.3) both predict a size exponent of 3,7, Gulden 
(1981) has shown experimentally that the size exponent is close to these predicted values. 
Ruff and Wiederhorn (1979) reported a wide range of exponents ranging from 3 to 4,5. 
A  possible explanation for this range is the way in which the particle size changes relative 
to the microstructural dimension. Routbort et al (1980) found an anomalously low 
erosion rate for reaction bonded silicon nitride when particles were smaller than the 
regions of free silicon in the target material.
Tilly (1969) found that if particles were less than 20 micrometres, they were deflected 
readily by the airflow in the vicinity of the target and, as a consequence, probably never 
impacted the target.
VI. Velocity
The velocity exponent predicted by the elastic erosion model is dependent on the Weibull 
modulus, m, of the target material. For a brittle material with m=12, the velocity 
exponent is 2.7. The quasi-static elastic-plastic model of Wiederhorn and Lawn (1979) 
gives the exponent as 2.4, whilst the dynamic model of Evans et al (1978) predicts a value 
of 3.2. The grain boundary cracking model of Ritter et al (1984) contains a velocity 
exponent of 2.0, It is apparent from these values that there is considerable variation in
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predicted values of the velocity exponent. Experimentally, higher values have been 
reported in the literature: e.g. Finnie (1960) determined a value of 6  for glass impacted 
with steel spheres. At normal particle incidence, however, the velocity exponent usually 
falls between the values predicted by the two elastic-plastic models.
Whilst inherent differences between experimental techniques might explain partly the wide 
range of velocity exponents, it is unlikely that this is the only reason. Routbort and 
Scattergood (1991) reported that the exponent decreased with increasing particle size. 
The authors attributed this behaviour to a fragmentation effect, which dissipated some of 
the kinetic energy.
Routbort et al (1981) determined that the models were valid for relatively low impact 
angles if the normal component of velocity was used.
2.4,5.4 Temperature
Wiederhorn and Roberts (1976), Hockey et a l (1978) and Colclough and Yeomans (1992) 
have been among the limited number of workers who have studied the effects of 
temperature on erosion rate. Wiederhorn and Roberts (1976) found that erosion 
behaviour of alumina refractories at 1000°C had a dependence on plastic flow since 
particles were found to be embedded in the target surface. It was found also that the 
erosion rate increased with decreasing contact angle which is indicative of target softening.
Hockey et al (1978), in their study of the high temperature erosion performance of AI2O3 
and hot-pressed SisN^ , found that temperature had little effect on either the erosion rate 
or the damage morphology. It was observed also, however, that the erosion rate became 
significantly greater at oblique angles during high temperature tests. It is apparent, 
therefore, that in common with "hot hardness" experiments (c.f. § 2.2.6.4), the effect of 
temperature is related to its influence on plastic flow mechanisms. Support for this
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hypothesis was provided by transmission electron microscopy (Hockey et al, 1978). 
Hockey et al. (1978) and Wiederhorn and Hockey (1983) have observed that the velocity 
exponent increases with increasing temperature, although there is little other evidence or 
explanation to substantiate this observation.
Colclough and Yeomans (1992), in a study of the erosion of TiB2  particulate toughened 
SiC by soft erodent, observed that as temperature was increased, the erosive wear 
resistance of the composite deteriorated relative to monolithic SiC. This effect was 
postulated as being due to the oxidation and subsequent removal of TiBj at temperatures 
between 700 and 800°C, This effect was not observed by Colclough (1993) when hard 
erodent particles were used on the same materials, since the erosion mechanism ceased 
to be a small-scale surface effect and became dependent on the bulk material.
2.4.5.5 Erosion of composites
Most erosion studies concerning composite materials have focused on whisker toughened 
systems. Routbort et al (1990a), in their investigation of whisker toughened composites, 
highlighted the importance of whisker quality, orientation and size, showing that not all 
toughening mechanisms led to erosion resistance. Routbort et al (1990b) demonstrated 
that if whiskers were aligned parallel to the surface (i.e. in the same direction as lateral 
cracks), the whiskers offered a path of least resistance to cracks and the erosion rate 
increased. Morrison et al (1987) reported that the erosion rate was independent of 
whisker content which is in contradiction to the findings of Routbort et al (1990b).
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Sykes et al (1987) examined the erosion behaviour of SiC whisker reinforced alumina 
matrix composites containing up to 25 weight percent SiC whiskers. The authors modified 
the quasi-static model of erosion, in the elastic-plastic regime (c.f, § 2.4.3,2), to include 
the contribution of fibres. They hypothesised that if lateral crack propagation occurs in 
the whisker reinforced matrix (depicted in Figure 2.7), then the crack must intersect 
whiskers during its extension. The whiskers will then have the effect of bridging the crack 
and offering a crack closing pressure. The analysis of Marshall et al (1985) was 
developed for crack propagation in fibre-reinforced materials subject to uniform tensile 
loading. The closing pressure was assumed to arise from interfacial shear stresses that 
develop as the fibres are extracted from the matrix by crack opening displacements. Sykes 
et al (1987) modified this analysis to give an expression for the lateral crack size, q:
Cl =
1
T Z [K, + (2.37)
where Vf is the fibre volume fraction and k^ o is a constant which is sensitive to fibre size, 
interfacial shear stress and elastic constants. Substituting this equation into Equation 2.27, 
the authors obtained a modified expression for the erosion rate, V:
V "  (2.38)
Comparison of Equations 2.29 and 2.38 reveals that the velocity and particle size 
exponents decrease as fibre effects become dominant, a postulate which Sykes et al 
(1987) found to be consistent with experimental results. Experimental data collected by 
the authors suggested that the erosion rate decreased, then reached a plateau with 
increasing fibre volume fraction. Equation 2.38 predicts, however, a fibre volume fraction 
exponent of -1.33. It was suggested that these contrasting trends were a result of 
processing difficulties: as the volume fraction of SiC increases, so the variability in 
processing conditions increases and the composite properties degrade. In this fashion, one 
would expect a saturation in the change in erosion rate.
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Smeltzer et al (1970), in their study of 8 -glass fibre reinforced epoxy eroded by sand 
particles, determined that the act of particle impingement on the fibres causes cracks 
perpendicular to their length. It was hypothesised that these cracks resulted from fibre 
bending. Further damage was recorded when the interfaces between the broken fibres 
and the matrix were degraded, leading to fibre removal during subsequent impacts. In a 
similar study, Miyazaki and Takeda (1993) observed that the erosion rate of a fibre 
reinforced polymer (FRP) was greater than that of a neat resin. Moreover, they observed 
that the erosion rate of FRP reduced with decreasing fibre content and increasing 
interfacial strength.
2.5 CONCLUDING REMARKS
This chapter has reviewed the current understanding of erosion of monolithic ceramic 
materials. Within the CMC area, it should be noted that no prior studies on the erosive 
wear of continuous fibre reinforced ceramics have been found. It is apparent that most 
erosion models have been based on quasi-static indentation analysis, which highlights the 
importance of target hardness and toughness. These parameters are poorly defined in 
CMCs (especially continuous fibre reinforced composites) and, consequently, an 
alternative approach is required.
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Figure 2.1 Schematfc illustration of Hertzian cone cracking
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Figure 2.2 Schematic illustration of the classical crack system exhibited by monolithic 
ceramics loaded by Vickers profile indentation.
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Figure 2.3 Spherical coordinate system
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Figure 2.4 The depth of lateral fracture, h, in ZnS plotted as a function of contact 
radius. Specimens were impacted with WC spheres. [Redrawn from Evans, 1979.]
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Figure 2.5 Schematic diagram of target penetration by undeformable conical indenter.
<u>
too
jda
<33CL
COE0O)1co
toow
AUO
90Angle of impingement
Figure 2 . 6  Graph of erosion rate as a function of impact angle for materials classified
as "ductile" and "brittle".
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Figure 2.7 Schematic illustration of the damage introduced by elastic-plastic contact in
a whisker toughened ceramic.
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3.1 INTRODUCTION
The first part of this chapter provides a description of the materials used in the course of 
this study. Included within this description is a short review of literature relating to the 
fabrication and microstructures of the materials. This is followed by a description of the 
experimental aspects of specimen preparation, indentation, single particle impact and 
erosion testing. The analytical techniques are discussed briefly also. The remainder of 
the chapter is devoted to materials characterisation.
3.2 MATERIALS
3.2.1 INTRODUCTION
The first part of this section provides a description of the materials examined in this study. 
The rest of the section is devoted to an historical overview of the composite constituents 
and manufacturing techniques.
3.2.2 DESCRIPTION OF MATERIALS
The materials were supplied as plates (approximately 150 x 150 mm) by Rolls-Royce pic. 
The composite materials comprised a glass-ceramic matrix reinforced with continuous SiC- 
type fibres. Two composite systems were studied: calcium alumino-silicate (CAS) 
reinforced with unidirectional Nicalon fibres ([Ojjo) and barium magnesium alumino-silicate 
(BMAS) reinforced with Tyraxmo fibres, in both unidirectional ([OJjo) and cross-ply 
([0/90]3,) lay-ups. Both composites were hot pressed and the two large faces of the plates 
were coated with a matrix-rich layer (analogous to a gel coat in polymer matrix
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composites). Monolithic CAS was supplied in two forms: non-stoichiometric and 
stoichiometric. A  nickel superalloy was supplied also to use as a standard in wear tests. 
This alloy is currently in service in Rolls-Royce jet reaction propulsion units.
3.2.3 REVIEW OF THE LITERATURE
3.2.3.1 SiC-Tvpe Fibres
Interest in CMCs has increased dramatically since the development by Yajima et al (1976) 
of a polymer precursor that could be spun and pyrolysed into a small diameter continuous 
silicon carbide fibre. The two commercially available fibres produced in this fashion, are 
Nicalon (derived from polycarbosilane and fabricated by Nippon Carbon Company) and 
I^an n o  (manufactured from a polytitanocarbosilane by Ube Industries). The primary 
difference between the two fibres, other than their diameters (Nicalon fibres have a 
15 jim diameter and Tyranno fibres have a 9 pm diameter), is that the lÿranno fibres 
contain titanium. It has been hypothesised, by the manufacturers, that this leads to 
improved oxidation resistance, although there is little evidence to support this.
Results from microstructural characterisation and mechanical property measurements 
(Prewo, 1986; Bender et al y 1986) led to early conclusions that the mechanical behaviour 
of CMCs depended greatly on the in-situ properties of the reinforcing fibre and that these 
properties degraded during the high temperature fabrication cycle. A number of 
hypotheses have been proposed for this behaviour including: crystallisation of the fibre, 
formation of microporosity, grain growth, formation of surface flaws and exacerbation of 
pre-existing flaws (Mah et al, 1984; Johnson et al, 1988; Simon and Bunsell, 1986; 
Anderson and Warren, 1984). Transmission electron microscopy characterisation of heat- 
treated polycarbosilane (PCS - SiC fibre precursor) and heat-treated Nicalon fibres has 
been undertaken by Monthioux et al (1990) and Maniette and Oberlin (1989). This work 
has revealed that the higher the processing temperature, the greater the SiC crystallite 
size and also the greater the degree of ordering of excess carbon into small turbostratic
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stacks, which surround the SiC crystals. Several studies (e.g. Bender et al, 1986) have 
identified SiO and CO as the major gaseous reaction products when these fibres are 
exposed to high temperatures. The limiting of gas evolution (Bender et al, 1991; Bibbo 
et al, 1991) has been shown to decrease the amount of microporosity formed, thereby 
improving fibre strength. It is apparent that, to avoid fibre degradation during composite 
fabrication, dwell times above 1000®C must be minimised. This time limitation will have 
to be balanced against the kinetics of interphase formation and matrix crystallisation.
S.2.3.2 Glass-ceramic matrices
Since the inception of glass-ceramic» by Stookey (1960), the lithium alumino-silicate 
(LAS) system has been the focus of much attention (e.g. Beall et al, 1983; Doherty et al, 
1967 and Partridge, 1982). The addition of nucleating agents such as ZrOj, TiOj, Ta^Og 
and Nb^Oj is commonplace, although the mechanisms of nucléation are not fully 
understood. Hsu and Speyer (1990) postulated that the presence of TiO ,^ Ta^Og or Nb^Og 
gives rise to phase-separated regions which are likely to devitrify. These regions are 
thought then to promote the precipitation of metastable crystalline precursor phases, 
which in turn act as heterogeneous sites for p-quartz^ ^^ j growth. U ie devitrification 
mechanisms observed in LAS glasses containing ZrO^ as a nucleating agent are less well 
understood. Hsu and Speyer (1990) observed that phase separation does not occur. 
Instead, the insolubility of ZrO^ in the amorphous structure leads to the formation of 
ZrOj particles, which have been observed in two forms in heat treated glass: small 
particles within grains of p-spodumene^ss) and larger agglomerates at the grain boundaries. 
These particles are thought to act as heterogeneous surfaces for the subsequent 
crystallisation of p-quartz ,^,).
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Although the system CaO-AJaOg-SiOj has a wide range of glass-forming compositions and 
contains inexpensive components, it shows little promise for the development of glass- 
ceramics without the use of nucleating agents to promote crystallisation. If the amount 
of network former (i.e. Al^O  ^and SiOj) is reduced, glasses will self-react and crystallise 
more readily, but the products of crystallisation tend to react with water, Anorthite 
(Figure 3.1) is a particularly desirable target phase on account of its hardness, resistance 
to chemical attack and the favourable, fine-grained, microstructures (McMillan, 1969). 
However the high concentrations of network former make it a poor subject for self- 
nucleation, and much residual glass is retained. This was overcome by Stookey (1960) by 
the addition of 11% TiO^ as a nucleating agent. Bleay et al (1992), in their analysis of 
a CAS/Nicalon composite system, reported the presence of fine ZrOg precipitates within 
anorthite grains and larger agglomerates at the grain boundaries. They postulated that 
the behaviour was analogous to the dispersion of ZrOj in LAS systems.
The BMAS system contains the oxides BaO, MgO, AlgO  ^ and SiOj, hence it cannot be 
represented in a ternary phase diagram. There have been few reported studies on this 
system. Hie stoichiometric composition of barium osumilite has been given, by Johnson 
et al (1987), as 2 Ba0 .4 Mg0 .6 Al2 0 3 .1 8 SiO ,^ although there may be substantial deviations 
from stoichiometry.
The dimensional changes which occur with a change in temperature are of great 
importance from a number of points of view. If a monolithic glass-ceramic is required to 
have a high thermal shock resistance, the coefficient of thermal expansion (GTE) should 
be as low as possible to minimise strains resulting from temperature gradients within the 
material. It is known, however, as discussed in detail in Chapter 4, that a mismatch in 
GTE between fibres and matrix in a composite, leads to internal stresses. In order to 
avoid this occurrence, it would be desirable to tailor the GTE of the matrix to match that 
of the fibre. In theory, this GTE matching is feasible on account of the ability of glass-
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ceramics to cover a wide range of CTE’s. At one extreme, materials having a negative 
GTE are available while for other compositions, very high positive coefficients are 
observed (Table 3.1).
3.2.3.3 Manufacture of glass and glass-ceramic matrix composites 
There are a number of routes whereby glass and glass-ceramic matrix composites can be 
manufactured, including sol-gel and techniques transferred from the polymer composite 
industry, such as matrix transfer moulding and injection moulding (Prewo et al, 1986). 
Currently, the fabrication route commonly employed most, however, is hot pressing, as 
developed at UKAEA Harwell for carbon fibre reinforced glasses and glass-ceramics 
(Sambell et al 1972) and applied later to Nicalon fibre reinforced materials. The 
procedure used, by Rolls-Royce pic, to process the composites supplied for this study is 
shown schematically in Figure 3.2 (after Rolls-Royce pic). Nicalon fibres were passed 
through a desizmg furnace, then over PTFE rollers and subjected to air jets to provide 
an even fibre distribution, prior to winding through a slurry bath containing glass powder, 
water and a water-soluble resin binder. The fibres gained a binder coating which picked 
up glass particles, and the impregnated tow was wound onto a hexagonal take-up drum 
and left to dry.
Once dry, the "prepreg" material was cut to size and stacked in the desired lay-up in 
graphite dies. Prior to pressing, the prepregs were heated to allow burn-out of the binder 
vehicle system. The pressing temperature was typically between 900 and 1200°G, to 
facilitate glass flow between the fibres. Pressures of between 2 and 15 MPa were then 
applied for a fixed duration and removed on cooling. Glass-ceramic matrix composites 
then require heat treatment in order to grow the crystalline phase nucleated during 
pressing (this procedure is referred to as "ceramming" and occurs typically at 1200“G). 
The resulting composites have densities in excess of 98 % of the theoretical density. 
There are a number of variations of the hot pressing procedure, for example Dawson et
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al (1987) used temperatures of 950°C and pressures less than 10 MPa, whilst Prewo and 
Brennan (1980) hot pressed Nicalon/Pyrex for 1 hour at 1200°C and 14 MPa. Times at 
high temperature are limited by the potential for fibre degradation as discussed in § 3.2.3.1
3.2.3.4 The internhase
A controlled reaction between silicate matrices and silicon oxy-carbide fibres (identified 
originally by Prewo et al, 1986) produces an interphase structure at the fibre/matrix 
interface, which possesses a low interfadal shear strength and will result in the desirable 
mechanical response of matrix cracking and non-catastrophic failure. This reaction is a 
fortuitous combination of silicate matrix chemistry and non-stoichiometric fibre structure. 
To date, the majority of research relating to the understanding of interfacial reactions and 
mechanical behaviour have centred on the lithium alumino-silicate (LAS)/ Nicalon system 
(Prewo et al, 1986). Similar reactions, however, have been identified in other systems 
such as CAS, barium alumino-silicate (BAS) and magnesium alumino-silicate (MAS) and 
for Tyranno as well as Nicalon fibres (Murthy et al, 1989 & 1990).
The basic reaction thought to produce the resulting carbon-rich interphase is the oxidation 
of SiC at the fibre surface:
SiC + 0 ^  -  SiO  ^ + C
The carbon is thought to be in graphitic form, and will act as a diffusion barrier either for 
gaseous oxygen, if this is derived from dissolved matrix oxygen, or for sihcon and oxygen 
down the activity gradient from fibre to matrix. Benson et al (1988) provided a modified 
model, based on a thermodynamic analysis of the stability of the carbon layer, which 
suggested that carbon monoxide formed as a result of carbon oxidation and diffused to the 
C/SiC interface, resulting in the alternative interphase growth reaction:
SiC + 2 CO -  SiO  ^ + 3C
Hence CO diffusion, rather than Si and 0% diffusion may be a rate determining step.
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Studies by Lewis and Murthy (1991) have shown that typical interfaces in Nicalon 
reinforced MAS and CAS comprise a well-developed graphitic layer with minimal diffusion 
zone, which is indicative of the rapid reaction kinetics and the influence of graphite as a 
diffusion layer. These authors have found also evidence of reaction of the matrix 
nucleating agents with some of the carbon to form carbide particles on the matrix side of 
the interphase.
Although the graphitic interphase provides the composite with its non-catastrophic failure 
mechanism, it becomes the weak link in the system at elevated temperatures. An 
established degradation mechanism is the oxidation of C to gaseous form (CO or CO^) 
above approximately 600°C (Lewis and Murthy, 1991; Bleay et a l 1992). Above 800- 
1000®C, there is an onset of SiOj bridging which strengthens the interface and results in 
brittle composite behaviour (Murthy et al, 1989). Atmospheric oxygen, which is necessary 
for this mechanism, may be diffused either through the silicate matrix or "piped" 
longitudinally from exposed fibres at free surfaces or microcracls. Although these 
mechanisms are well estabhshed, doubt exists about critical temperatures and reaction 
kinetics. Further studies are required to resolve these points. Experiments by 
Wetherhold and Zawada (1991) have shown that a brief excursion above 1000°C wiU 
cause reflow of surface glass, plugging the exposed fibre ends and improving composite 
properties at elevated temperatures.
Recently, there has been a great deal of interest in the extent to which the mechanical 
properties of the interphase are controlled by process variables (i.e. temperature, time and 
constitution). Measurement of these properties is, in itself, a controversial issue which is 
discussed in Chapter 4.
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3.3 EXPERIMENTAL METHODS
3.3,1 SPECIMEN PREPARATION
Sections of each of the specimen materials were cut, using a high speed diamond- 
impregnated disc (Diamant Boart, with sliding bed), to dimensions 20 mm long, 3 mm 
wide and 1 0  mm high. Sectioned specimens were mounted in a "cold-setting" resin (Epo- 
Fix, Struers) and prepared metallographically to a % pm finish on a Struers Planopol-2, 
using the preparation schedule given in Table 3.2. It was found that the action of the 
diamond-impregnated disc, employed in specimen sectioning, introduced damage into the 
specimen near-surface region to a depth of approximately 500 pm. It was important, 
therefore, to ensure that the first stage of the preparation schedule removed at least this 
amount of material. The consequences of ignoring this precaution are discussed in 
Chapter 4.
The time periods provided in Table 3.2 are approximate because each process was 
dependent on the efficiency of the lapping wheel or polishing cloth. The actual time 
spent at each stage was determined by placing, periodically, the specimens on an inverted 
reflected light microscope (Reichert Universal camera microscope, Me F2) and 
determining when the current process had removed all of the damage from the previous 
stage (damage was manifest as bright regions in a dark field image). The specimens were 
cleaned ultrasonically between stages. When the preparation route was complete, each 
specimen was scrutinised for remnant preparation damage using a Zeiss Axiophot 
reflected light microscope.
Those specimens which were destined for particle impact and erosion tests were removed 
from the mounting resin and cleaned ultrasonically in acetone.
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3.3.2 INDENTATION TECHNIQUES
In all experiments indentations were introduced normal to the specimen surface, using a 
Vickers profile diamond. Microhardness e^qperiments, at room temperature, were carried 
out using a Leitz "Miniload" microhardness tester over a load range from 50 g to 2 kg, 
with a loading time of approximately 15 seconds and a dwell time of a further 15 seconds. 
Macro-hardness experiments were performed, also under ambient conditions, using a 
Vickers pyramid hardness testing machine (Vickers Ltd) over a load range of 5 kg to 
20 kg (similar loading and dwell times to the micro-hardness tests were employed). Ten 
indentations were introduced at each load.
High temperature hardness experiments were implemented using a Wilberforce Scientific 
Developments high temperature micro-hardness indenter, coupled to a four-inch oil 
diffusion pump with liquid nitrogen trapping, courtesy of Professor T.F. Page, University 
of Newcastle (further information relating to this technique may be found in Naylor and 
Page, 1981). The experiments were performed using a load of 1 kg with a loading time 
of approximately 15 seconds and a constant indenter dwell time of 15 seconds. 
Indentations were introduced, normal to the specimen surface, at room temperature, 500, 
700 and 900 K with a ramp rate of 10 K per minute between temperatures and a dwell 
time of 2 0  minutes at each temperature.
3.3.3 SINGLE PARTICLE IMPACT
The gas gun appears to be the piece of equipment used most frequently for single particle 
impact e^qperiments (e.g. Ives and Ruff, 1978; Shewmon, 1979; Hutchings, 1979). A 
schematic of the ballistic impact rig employed during this study is given in Figure 3.3. The 
impacting particles are carried in a recess in the front of an aluminium sabot. The 
particles used in all experiments were hand-selected 80 (im diameter alumina spheres 
(Figure 3.4). The sabot is a sliding fit in a long cylindrical barrel, along which it is 
accelerated by the sudden release of compressed gas from a pressure chamber. The
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release of this gas (nitrogen) is activated by a mechanical valve. Both mechanical and 
solenoid valves release gas relatively slowly, however, and, therefore, high pressures are 
required for relatively high velocities. An often used alternative to valves is a technique 
which employs the rupture of metal foil diaphragms (e.g. Hutchings and Winter, 1975). 
With such a system, the particle velocity is determined by the burst strength of the 
diaphragm. This has a number of advantages over the valve-based systems in that higher 
velocities may be achieved for comparatively lower gas pressures and, by careful choice 
of the diaphragm material and thickness, the velocity may be controlled to within small 
tolerances.
Velocity measurement for the system depicted in Figure 3.3 was effected by means of 
timing wires and a counter, which measured the time of flight over a pre-determined 
distance. The timing wires were not entirely reliable, in that the break was not always 
sufficient to open the loop of the electronic counting circuit. Consequently a number of 
sabots were fired over a range of gas pressures in order to provide the pressure/velocity 
calibration chart given in Figure 3.5. In this way, it was possible to preselect particle 
velocities and calculate the required gas pressure. The obvious assumption of this 
technique, however, was that the mass of the recessed particles was insignificant relative 
to the mass of the sabot. Velocity measurements of sabots with particles appeared to 
validate this assumption.
The polished specimen was mounted in a holder assembly at the far end of the gas gun. 
At the front end of this assembly is a blanking plate which arrests the momentum of the 
sabot, whilst allowing continuation of the impacting particles onto the polished face of the 
specimen.
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33.4 EROSION TESTS
As discussed in § 2.4.5, there are many variables which must be taken into account when 
considering erosive wear. Some erosion test apparatus are designed specifically to 
simulate actual service conditions (e.g. Johnson et al, 1985). Whilst there is an obvious 
attraction in this mode of testing, the rigs tend to be large and expensive, as well has 
having limited application to other tests. Consequently, there are a number of smaller, 
cheaper test devices which have been constructed with the aim of facilitating fundamental 
laboratory studies of erosion mechanisms. Although capable of controlling specific 
experimental variables, these devices cannot be expected to reproduce the complex nature 
of the in-service conditions and tend, therefore, to be used solely for following the effect 
of particular variables on the erosion wear rate.
There are three generic forms of laboratory erosion rigs: whirling arm rigs (e.g. Rickerby 
and MacMillan, 1980), shnger erosion devices (e.g. Ritter et al, 1986) and gas-blast type 
rigs (e.g. Ruff, 1986). The multi-particle erosion tester used in this study was of the gas- 
blast type, courtesy of Dr I.M. Hutchings, University of Cambridge. Details pertaining to 
this piece of equipment may be found in a number of University of Cambridge 
publications such as Roberts, 1991. The chamber was operated at room ambient 
temperature and pressure. Experiments using this rig by Roberts (1991) have shown that 
if the particle flux is less than approximately 1 0  g of erodent per minute, multiple particle 
effects (discussed in § 2.4.5.3.III) had no significant effect on the erosion rate. Roberts 
determined also that the nozzle-specimen distance of 15 mm facilitated a maximum half­
angle of particle divergence from the nozzle axis of approximately 5 °.
There are three generic methods used to measure particle velocity in erosion testers (refer 
to the review of Ponnaganti et a l, 1980): photographic techniques, laser doppler 
velocimetry (LDV) and mechanical techniques. The measuring system used in the course 
of this study was a subset of the latter category and involved the rotating double-disc
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configuration (Ruff and Ives, 1975). The set-up used in this study comprised two 99 mm 
diameter aluminium discs of fixed separation (21 mm) which were rotated, at 175 ± 5 
revolutions per second on an axis parallel to the direction of the erosive particle stream. 
The motorised element of this set-up was provided by an electric angle grinder (Black and 
Decker Ltd, Model P5410). Ruff and Ives (1975) showed that particle velocities decrease 
with increasing distance from the end of the nozzle. Consequently, the system was 
designed such that the mean distance of the discs from the nozzle was approximately the 
same as that intended for the specimen, i.e. 15 mm. With the discs stationary and a slit 
in the upper disc in line with the particle stream, a mark was produced by particle impact 
on the lower disc (which was sprayed with a cellulose paint). The discs were then spun 
up to their fixed speed of rotation and subjected to another stream of erodent particles 
at the desired gas pressure, to produce a second mark. The particle velocity may be 
determined then using the aforementioned parameters and the angular displacement of 
the centre positions of the two lines of particle damage. The width of the lines provided 
an indication of the range of particle velocities.
Ruff and Ives (1975) claimed that this system of measurement was accurate to 
approximately 1 0  %. An obvious cause for concern, however, arises from the influence 
of both stationary and rotating discs on the air stream. Ponnaganti et al (1980), in a study 
of these effects by LDV, concluded that air turbulence caused by the slit and/or a 
rotational velocity of the air stream induced by the rotating discs, may affect velocities 
measured by the double-disc device by as much as 18 %. This effect was shown to 
diminish with increasing particle size.
The erosion rate was determined by weighing the specimen prior to the impact test, then 
after the erosion test (and ultrasonic agitation in acetone to remove surface erodent).
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33.5 ANALYTICAL TECHNIQUES 
3.3.5.1 Scanning electron microscopy fSEMl
High resolution imaging was performed using a Cambridge Instruments S250, fitted with 
a KE Developments solid-state backscatter detector. A Cambridge Instruments SlOO 
scanning electron microscope, equipped with a Pixie 8  framestore device, was employed 
for hot stage (manufactured by Hexland) experiments. Electron probe microanalysis 
(EPMA) was performed using a JEOL "Superprobe", which comprised a JEOL JXA 8600 
with a Tracer Northern TN5500 energy dispersive X-ray spectrometry (EDX)/ 4 crystal 
wavelength dispersive X-ray spectrometry (WDX) analysis subsystem and a TN8500 image 
analyser. Wherever possible, the scanning electron microscopes were operated at a 
relatively low accelerating voltage of 5 kV, in order to minimise specimen charging. 
Lower accelerating voltages proved to be unsuccessful because all three microscopes were 
optimised for higher kV work. Consequently, the critical potential, below which charging 
is eliminated, was exceeded (in order to obtain satisfactory resolution) and it became 
necessary to place a thin conducting layer on the surface of the specimens. For low 
resolution imaging and EPMA, this coating was a carbon film, deposited using an Edwards 
306 coating unit. In order to obtain a backscattered image with a relatively high signal 
to noise ratio, however, it was necessary to increase the accelerating voltage to 15 kV, 
which required a thin layer of gold in order to minimise charging effects. A gold film was 
required also for relatively high resolution secondary electron imaging, where the high 
current densities incurred at high magnifications led to charging with the carbon film. The 
gold film was plasma sputtered using an Edwards S150B sputter coating unit with a 
current of 20 mA and potential of 1 kV for 1 minute.
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33.5.2 Transmission electron microscopy fTEMl
Specimens were prepared for TEM in the form of a thin foil. It was not possible to 
prepare foils from the longitudinal direction of the composite (i.e. viewing fibres parallel 
to their axes) on account of adverse free surface effects encountered as the distance 
between free surfaces decreased below approximately 100 pm. Consequently, foils were 
prepared in the transverse direction of the composite. Starting from bulk material, a disc 
was cut using a diamond-tipped coring drill with an internal diameter of 3 mm. This disc 
was then ground mechanically to approximately 300 pm thickness using 400 grit SiC paper. 
This section was "dimpled" on both sides on a VCR model D500 dimpler to produce a 
central specimen thickness of approximately 2 0  pm. Final thinning was carried out by 
argon-ion bombardment in a Gatan Duomill 600 Series operating at 5 kV, with an angle 
of incidence of 15 " until sample perforation, then at 1 0 ° to extend the thinned area.
The samples were examined using a Phillips BM400T equipped with a LINK ANIOOOO 
Microanalysis system, and a JEOL 2000FX. Both transmission electron microscopes were 
used in bright field, dark field and microdiffraction modes. The EM400T was operated 
at 120 kV, whilst 2000FX experiments employed an accelerating voltage of 200 kV.
3.3.5.3 X-ray diffraction fXRDl
Powdered Nicalon fibres (extracted from CAS/Nicalon composites by dissolution of the 
matrix using 40 % hydrofluoric acid), bulk composites and monolithic ceramic specimens 
were mounted in a Philips X-ray diffractometer and irradiated with 46 kV Cu Ka X- 
radiation, over a range of 20° <: 20 ^ 180°. The resulting reflections were indexed using 
data from the Joint Committee for Powder Diffraction Standards (JCPDS).
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33.5.4 Atomic force microscopy TAFMl
As-polished specimens were bonded to a block of "optically flat" quartz and scanned using 
a Nanoscope Series II AFM. The use of AFM, as opposed to scanning tunnelling 
microscopy (STM), pre-empted the typical problems arising from the examination of non­
conducting materials. Post-processed images were presented as both line montages and 
pseudo-colour height maps.
3.S.5.5 Confocal scanning laser microscopy fCSLMl
Specimens were mounted on plasticine and brought to "optical flatness" using a Leitz 
specimen leveller, prior to examination with a Zeiss LSM30. In order to provide 
maximum contrast, apochromatic epi plan neofluor objectives were employed. The 
minimum numerical aperture (NA) used within this set of lenses was 0.5, so as to 
maximise the confocal effect. Significant aberrations, resulting fi*om the refractive index 
mismatch between air and the specimen inherent within the epi-system when examining 
sub-surface features, were not encountered (refer to Appendix I). It was necessary, 
however, to correct sub-surface depth measurements by a factor of the refractive index 
of the specimen, in order to account for this mismatch.
Sub-surface imaging was facilitated by use of the internal 633 nm HeNe laser. 
Topographical information was collected, however, using the 488 nm line of the external 
Ar laser, in order to maximise the volume element (voxel) resolution. When examining 
composite specimens using the topographical algorithms, it was necessary to coat the 
specimen surface with a relatively thick gold film (c.f. § 3.3.5.1 with a coating time of 3 
minutes), in order to eliminate the difference in reflectivity between the fibres and the 
surrounding matrix. Further information pertaining to this technique may be found in 
Appendix I.
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3.4 MATERIALS CHARACTERISATION
3.4.1 CHARACTERISATION OF MONOLITHIC CAS
3.4.1.1 Non-stoichiometric CAS
A dark field reflected light photomicrograph of as-polished non-stoichiometric CAS is 
given in Figure 3.6. This figure reveals that there are at least three phases within the 
specimen, scattering the incident light by varying amounts to provide three grey levels. 
Backscattered electron images (BSIs) at relatively low magnification (e.g. Figure 3.7) show 
the macroscopic phase separation observed by reflected light microscopy (RLM). BSIs 
at higher magnifications (e.g. Figure 3.8) show that a similar phase separation occurs also 
on a more microscopic scale. X-ray maps of the elements Ca, Si, Al and O (Figure 3.9, 
recorded firom the same region as Figure 3.8) show that the three constituent phases seen 
by RLM are composed primarily of: Ca/Al/Si/O, Al/Si/O and Al/O. The XRD data (listed 
in Table 3.3) was indexed as anorthite (CaAl^Si^Og), a triclinic structure with lattice 
parameters a=8.177 Â, b = 12.877 Â and c=14.169 Â. The Al/O phase occupied a 
relatively small area fraction and, consequently, was undetectable by XRD but is likely to 
be «-alumina. The Al/Si/O phase, however, can be seen from Figure 3.8 to occupy a large 
area fraction of the sample. The absence of this phase jfrom the XRD trace suggests that 
it is an amorphous glassy material, which is consistent with the lack of any nucleating 
agent in the sample.
3.4.1 . 2  Stoichiometric CAS
Dark field RLM does not provide any evidence of macroscopic phase separation and, in 
a similar fashion to the non-stoichiometric material, XRD traces reveal only the presence 
of anorthite (c.f. Table 3.3). A  relatively high magnification BSI (Figure 3.10), however, 
shows a microscopic phase separation on an even smaller scale than the non- 
stoichiometric system. The X-ray maps in Figure 3.11, firom the same region, show that 
the majority phase consists of Ca/Al/Si/O and is likely, therefore, to be anorthite. There 
is also a dispersion of Zr/O which is analogous to the dispersion of ZrO^ nucleating
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particles in the LAS system. The transmission electron micrographs in Figure 3.12 show 
that these particles are dispersed throughout the anorthite grains and also at the grain 
boundaries. The presence of Al/O is probably due to «-alumina, a likely product of small 
compositional fluctuations about the anorthite/corundum boundary (Figure 3.1).
3.4.2 CHARACTERISATION OF CAS/NICALON COMPOSITE PLATES
3.4.2. 1  Nicalon fibres
XRD traces of Nicalon fibres, extracted from the surrounding CAS matrix, were 
characteristic of an amorphous or microcrystalline (on a fine scale) material and, as such, 
structure determination was not possible using this technique. Microdiffraction by TEM, 
however, revealed that the latter was the case, the resulting ring pattern being indexed as 
P-SiC (Figure 3.13). The diffuse appearance of the Debye-Scherrer rings is further 
indication of the microcrystalhne nature of the p-SiC. A dark field image of a number of 
P-SiC grains is given in Figure 3.14. The microcrystalline nature of the microstructure is 
evident from this image, with a mean p-SiC crystallite diameter of approximately 3 nm. 
Azimuthal exploration of reciprocal space around the Debye-Scherrer SiCjij ring did not 
discern a preferred orientation of the p-SiC microcrystals, suggesting that Nicalon fibres 
are isotropic.
Also visible in Figure 3.13 is a diffuse halo around the undiffracted beam, which is 
evidence of an amorphous phase. Windowless EDX of the thin foil revealed the presence 
of Si, C and O (Figure 3.15), although the lateral resolution of the technique was 
insufficient to determine point to point variations. It is likely that the majority of the 
ojygen is accounted for by the amorphous phase, which has been hypothesised as being 
a silicon oxy-carbide. Early chemical compositional analyses assumed that the chemical 
species which exist in Nicalon fibres are SiC, C and SiO .^ Recent work by Porte and 
Sartre (1989) and Laffon et al. (1989) using X-ray photoelectron spectroscopy (XPS) and 
nuclear magnetic resonance (NMR), however, has suggested that a ternary non-
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Stoichiometric silicon oxy-carbide (SiO^Cy) phase is formed in addition to the above, 
accounting for the majority of the oxygen. The suggestion of such a phase in Nicalon 
fibres is not without precedent, since Zhang and Pantano (1990) have synthesised variants 
of SiO^Cy using a sol-gel route.
3.42.2 CAS matrix
XRD of the composite material reveals only anorthite (c.f Table 3,3) which is the 
predominant phase of the CAS matrix. Other phases are either amorphous or in such 
small quantities as to be undetectable by XRD.
The CAS matrix in the CAS/Nicalon composite was found to exhibit two distinct 
morphologies depending on local fibre volume fraction (Figure 3.16). The BSIs in 
Figures 3.16 and 3.17 show a large grain structure and associated grain boundary necklace 
(of high atomic number relative to the grains) in close proximity to the fibres. Matrix-rich 
regions, however, exhibit a fine grain structure with a large density of higjh atomic number 
particles. The X-ray maps in Figure 3.18 have been taken from the same region as 
Figure 3.17, and show that the large grains close to the fibres are probably anorthite, 
bordered by ZrO^ agglomerations (refer to the linescan across a decorated grain boundary, 
in Figure 3.19). The fine grain structure in the matrix region appears to be composed of 
anorthite, a high density of ZrO^ particles/agglomerates and an increased number of oc- 
alumina platelets. This behaviour is a likely result of chemical segregation as the anorthite 
grains grow out from the fibre-rich regions. The ability of the ZrO^ to act as a 
heterogeneous nucleating agent is reflected in the small grain size of anorthite in regions 
of high ZrO% particle density. The greater concentration of «-alumina in the matrix-rich 
region is probably a result of the segregation effects leading to an even greater instability 
around the anorthite/corundum phase boundary.
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A comparison of the microstructure of monolithic CAS with the matrix of a CAS/Nicalon 
composite reveals that the presence of the fibres modifies locally the crystallisation 
processes. § 3.4.1.1 highlights the significant effects which occur when the composition 
deviates from that of stoichiometric anorthite, with the introduction of phases such as «- 
alumina and an alumina/sihca glass. The glassy material is likely to be prevalent in a 
system where there is little, or no nucleating agent since the anorthite is a poor candidate 
for self-nucleation. The stoichiometric material studied in § 3.4.1.2 demonstrates the 
microstructural potential for a material that contains an adequate quantity of nucleating 
agent. The majority of this material consists of fine-grained anorthite, associated with a 
dispersion of ZrOj nucleating agent (Davies et al., 1993 deduced a concentration of 
approximately 3 % , by volume in the bulk). The small quantities of «-alumina are to be 
expected from minor compositional fluctuations leading to transgressions of the nearby 
phase boundary. The matrix material of CAS/Nicalon appears to exhibit a combination 
of the non-stoichiometric and stoichiometric microstructures. The matrix slurry precursor 
was formulated with the stoichiometric anorthite composition and approximately 3 % (by 
volume) ZrOj. Without the presence of the fibres, the matrix would be expected to form 
a fine-grained anorthitic microstructure, interspersed with ZrOj and some «-alumina. The 
addition of fibres, however, appears to introduce heterogeneous nucléation sites, on which 
the anorthite grains nucleate and grow. As these grains grow from the fibres, they push 
ZrOj and other solute variants ahead of the advancing growth front. Eventually, the 
matrix-rich regions will become super-saturated with nucleating agent and will form many 
small anorthite grains. The compositional variations then lead to the formation of «- 
alumina. Note that ZrOj, particles are located also at the anorthite grain boundaries in 
fibre-rich regions of matrix.
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It is anticipated that the matrix-rich regions of the composite will possess similar 
mechanical properties to those of the monolithic material, with a fine-grained 
microstructure. The fibre-rich regions, however, are likely to have inferior properties 
relative to the monolithic material. It is important, therefore, to bear these effects in 
mind when considering indentation and wear studies.
3.4.2.3 The internhase
Figure 3,20 depicts a bright field transmission electron microscope image of the region 
around a Nicalon/CAS interface. Windowless EDX spectra of the central electron 
transparent region (approximate thickness 1 0 0  nm) revealed that this interphase is 
predominantly carbon. The stability of the interphase was insufficient to perform 
microdiffraction, although it is assumed, from the literature, that this carbon layer is in a 
graphitic form.
3.4.3 CHARACTERISATION OF BMAS/TYRANNO COMPOSITE PLATES
3.4.3.1 Unidirectional material
The XRD data presented in Table 3.4 reveals that the primary crystalline phases present 
in the BMAS matrix are: barium osumilite (B aM g^ 3(Si<,Al3 0 3 o)), a hexagonal structure 
with unit cell dimensions a=10.16 Â, c= 14.36 Â; mullite (Al^SijOij), an orthorhombic 
structure with unit cell dimensions a=7.5456 Â, b =7.6898 Â and c=2.8842 Â and 
hexacelsian (BaAl^Si^Og), a hexagonal structure with unit cell dimensions a=5.313 Â, 
c=7.805 Â. A survey of the matrix by RLM revealed a number of regions which 
contained a significant amount of a phase with a glassy appearance. The BSI in 
Figure 3,21 shows the nature of the multiple phases in the matrix. An EDX trace of the 
bulk matrix material showed the presence of substantial amounts of aluminium, silicon, 
barium and oxygen, together with a small amount of magnesium. This data is consistent 
with the phase barium osumilite. The angular particles of lighter phase (and therefore 
higher atomic number) were found also to be rich in oxygen, aluminium, silicon and
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barium, and whilst the barium level was higher than in barium osumilite, the aluminium 
content was less; these findings confirm that the lighter phase was hexacelsian. EDX 
revealed that the darker phase consisted of oxygen, aluminium and silicon. The 
significantly increased amount of aluminium, relative to silicon, indicates that this phase 
is mullite. The very dark phase contained primarily silicon and oxygen and was most likely 
the glassy phase observed by RLM.
3.43.2 Cross-plv material
The cross-ply material was examined using the same rationale that was applied to the uni­
directional plate (§ 3.43.1). The XRD results revealed the presence of barium osumilite 
and hexacelsian (c.f. Table 3.4). A  RLM survey of the matrix revealed no evidence of a 
glassy phase. The BSI of a fibre-rich region, given in Figure 3.22, showed the matrix as 
being predominantly barium osumilite with small quantities of hexacelsian. Matrix-rich 
regions, however, were found to contain as much as 50% hexacelsian. It is apparent, 
therefore, that as in the CAS/Nicalon system, the presence of fibres modifies locally the 
crystallisation process.
A comparison of the unidirectional and cross-ply specimens reveals an apparent processing 
control problem when fabricating with a BMAS matrix. The unidirectional material would 
be expected to have undesirable properties resulting from its multi-phasic matrix. 
Consultation of Table 3.1 shows that the constituents have a wide range of CTEs (ranging 
from 1.7 X10 ® K‘^  for barium osumilite to 8  x 10 ® K'^  for hexacelsian). It is to be expected 
that cooling from the processing temperature would introduce significant thermal strains. 
In light of this, it was deemed that only the fibre-rich regions of the cross-ply material are 
suitable for mechanical testing.
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3.4.4 CHARACTERISATION OF NICKEL SUPERALLOY
EPMA of polished sections of the nickel superalloy resulted in the quantitative data 
presented in Table 3.5, which is consistent with the constitution of a superalloy.
3.5 CONCLUDING REMARKS
Neither the Nicalon fibres nor the CAS matrix appeared to exhibit microstructural 
anisotropy. It is reasonable to assume, therefore, that the components of the composite 
are isotropic. The interphase in the CAS/Nicalon composite has been shown to be carbon 
rich. It is likely that this material is graphitic and, therefore, the interphase will have a 
low shear strength, an important feature which is discussed in Chapter 4.
The presence of fibres appears to modify the crystallisation behaviour of the glass-ceramic 
matrices. In the case of the CAS/Nicalon system, this results in a microstructure in the 
matrix-rich regions which is similar to the monolithic material but fibre-rich areas 
comprised large grains of anorthite. In BMAS/Tfyranno, processing control errors led to 
an unsatisfactory unidirectional material. The cross-ply material was, however, barium 
osumilite-rich in areas of high fibre volume jfraction, with a mixture of barium osumilite 
and hexacelsian in matrix-rich zones.
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Table 3.1 Coefficients of thermal expansion for a number of ceramic phases.
Crystal Phase Coefficient of Thermal 
Expansion [xlO ® K'^ ]
LigAlgOyZSiO^ -8 . 6  (20 - 700°C)
(Beta-eucryptite) -6.4 (20 - 1000°C)
Al.O3 .TiO2 -1.9 (25 - 1000°C)
(Aluminium titanate)
2 MgO.2 Al2 O3 .5 SiO. 0.6 (100 - 2 0 0 °C)
(Cordierite) 2.6 (25 - 700°C)
Li20.Al203.4Si02 0.9 (20 - 1000°C)
(Beta-spodumene)
BaO.Al2 O3 .2 SiO. 2.7 ( 2 0  - 100°C)
(Celsian)
CaO.Al.O3 .2 SiO. 4.5 (100 - 200°C)
(Anorthite)
MgO.SiO. 7.8 (100 - 200°C)
(Clinoenstite)
2MgO.SiO. 9.4 (100 - 200°C)
(Forsterite)
CaO.SiO. 9.4 (100 - 2 0 0 °C)
(Wollastonite)
Li.0.2Si0. 11 ( 2 0  - 600°C)
(Lithium disilicate)
SiO. 11.2 (20 - 100°C)
(Quartz) 27.1 (20 - 600°C)
BaMg.Al3 (SigAl3 0 3 o) 1.7 (20-600°C)
(Barium osumilite)
Al,Si.O, 3 4.5
(Mullite)
BaAl.Si.Og 8  (20-600°C)
(Hexacelsian)
SiO. 17.5 (20 - 100°C)
(Tridymite) 14.4 (20 - 600°C)
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Table 3.2 Schedule for the metallographic preparation of specimens.
Preparation Surface Lubricant/ 
diamond spray
Preparation 
Time (mins)
Load (g)/ 
Speed (rpm)
Struers 20 [im diamond: 
Resin bonded
Water Until > 300 pm 
material removed
200/300
Struers 30 |im diamond: 
Resin bonded
Water 30 300/300
Struers 10 pm diamond: 
Resin bonded
Water 30 300/300
Buehler Metlap2 Metadi 6  pm 
Slurry
30 200/150
Buehler Metlap 1 Metadi 1 pm 
Slurry
45 200/150
Struers DUR % pm + 
Alcohol
1 0 100/150
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Table 3.3 XRD peak listing for anorthite (applicable to non-stoichiometric and 
stoichiometric CAS as well as CAS/Nicalon).
d(A) hid
4.04 2 0 2
3.92 1 1 2
3.78 130
3.62 130
3.47 ÎÎ4
3.37 114
3.20 204
2.953 042
2.828 132
2.655 134
2.525 114
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Table 3.4 XRD peak listing for BMAS/Tyranno material (applicable to unidirectional
and cross-ply material).
d-spacing (nm) Phase Indices
0.7767 Hexacelsian 0 0 1
0.7151 Ba Osumilite 0 0 2
0.5545 Ba Osumilite 1 0 2
0,5382 Mullite 1 1 0
0.5057 Ba Osumilite 1 1 0
0.4130 Ba Osumihte 1 1 2
0.3954 Hexacelsian 1 0 1
0.3876 Hexacelsian 0 0 2
0.3737 Ba Osumilite 2 0 2
0.3578 Ba Osumilite 004
0.3421 Mullite 1 2 0
0.3386 Mullite 2 1 0
0.3312 Ba Osumilite 1 2 0
0.3227 Ba Osumilite 1 2 1
0.2967 Hexacelsian 1 0 2
0.2921 Ba Osumilite 300
0.2891 Mullite 0 0 1
0.2771 Ba Osumilite 204
0.2702 Mullite 2 2 0
0.2650 Hexacelsian 1 1 0
0.2590 Hexacelsian 003
0.2546 Mullite 1 1 1
0.2530 Ba Osumilite 2 2 0
0.2430 Ba Osumilite, 
Mullite
130
0.2386 Ba Osumilite, 006
Mullite 310
0.2300 Ba Osumilite, 132 .
Hexacelsian, 2 0 0
Mullite 0 2 1
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0.2259 Hexacelsian 103
0.2206 Hexacelsian, 2 0 1
Mullite 1 2 1
0.2118 Mullite 230
0.2066 Ba Osumilite 204
0.2009 Ba Osumilite 314
0.1945 Hexacelsian 004
0.1852 Ba Osumilite, 315
Hexacelsian 113
Ba Osumilite: BaMg2Al3 (SijAl3 0 3 o), Hexagonal 
Hexacelsian: BaAl^Si^Og, Hexagonal 
Mullite: AlgSi^ O^ g, Orthorhombic
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Table 3.5 Chemical analysis of nickel superalloy.
Element Wt. %
S 2.5
A1 2
Ti 2
Cr 20.5
Co 15
Ni Balance
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Figure 3.1 Phase diagram of the ternary system CaO-AlgOg-SiO .^ 
[After Levin et al^ 1956]
E 3
Take-up drum
□  
Supply spool Slurry bath
CutStack and resin bum-out
Hot press
Figure 3.2 Schematic diagram of the fabrication route used by Rolls-Royce pic to 
fabricate glass and glass-ceramic matrix composites.
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Figure 33  Schematic illustration of ballistic impact apparatus.
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Figure 3.4 Secondary electron image of an AI2 O 3  particle prior to impact.
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Figure 3.5 Pressure/velocity calibration chart used in single particle impact
experiments.
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Figure 3.6 Dark field reflected light photomicrograph of non-stoichiometric CAS.
1 0 0  um \
Figure 3.7 Low magnification backscattered electron image of 
non-stoichiometric CAS.
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Figure 3.8 High magnification backscattered electron image of 
non-stoichiometric CAS.
(Brightest phase is anorthite.)m
mCa
Figure 3.9 X-ray maps acquired from the same region as Figure 3.8.
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Figure 3.10 High magnification backscattered electron image of stoichiometric CAS.
(Bright particles are zirconia.)
Figure 3.11 X-ray maps acquired from the same region as Figure .3.10.
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i
i
Figure 3.12 Bright field transmission electron photomicrographs from
stoichiometric CAS.
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Figure 3.13 Microdiffraction pattern recorded from a Nicalon fibre.
Figure 3.14 Dark field transmission electron photomicrograph acquired from a 
Nicalon fibre (objective aperture centred on part of SIC Debye-Scherrer rings).
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Figure 3.15 Windowless ED X  trace of a Nicalon fibre.
Figure 3.16 Low magnification backscattered electron image centred on a low fibre 
volume fraction region within a CAS/Nicalon composite.
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Figure 3.17 Backscattered electron image of a similar region to Figure 3.16.
i ü
Figure 3.18 X-ray maps collected from the same region as Figure 3.17.
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Figure 3.19 High magnification Z r X-ray linescan across one of the decorated grain 
boundaries depicted in the fibre-rich regions of Figure 3.16.
'
Figure 3.20 Bright field transmission electron photomicrograph acquired from a 
fibre/matrix interfacial region within a CAS/Nicalon composite.
Note that f denotes fibre, m is matrix and i is the interphase.
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Figure 3.21 Backscattered election image of a unidirectional 
BMASyTyranno composite.
Figure 3.22 Backscattered electron image of a cross-ply BMAS/Tyranno composite.
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Chapter 4
A CONSIDERATION OF RESIDUAL 
THERMO-ELASTIC STRESSES
4.1 INTRODUCTION
The models of erosive wear, discussed in Chapter 2, are based on the premise that wear 
debris results from the intersection of lateral cracks with the free surface. Therefore, 
stress fields which affect the initiation and growth of lateral cracks are likely to be 
important when considering erosion. It was argued, in § 2.2.43, that the primary driving 
force for crack propagation is derived from the residual stresses arising from the presence 
of a plastically-deformed zone. It is apparent that residual thermo-elastic stresses will be 
superimposed on this field, influencing the nature of the lateral cracks. Consequently, this 
chapter examines the residual stresses which arise in CMCs as a result of difrering CTEs 
between the fibres and the surrounding matrix.
The structure of this chapter is as follows. Firstly literature relating to existing models 
used to describe thermal stresses is reviewed. Subsequently, an analytical model is 
developed to describe thermal stresses (in the bulk and close to a free surface) in 
continuous fibre reinforced CMCs. A parametric analysis is applied, primarily, to the 
CAS/Nicalon system. The model is generic, however, and, therefore, results are presented 
also for BMAS/ryranno. Finally the results of a limited experimental study, designed to 
assess near-surface effects, are described. This leads to the conclusion that the 
introduction of a free surface causes near-surface debonding of the fibre/matrix 
interphase. It is apparent that interfacial properties are dependent on the residual 
stresses and, consequently, the literature overview at the beginning of this chapter includes
71
Chapter 4: A  Consideration Of Residual Thermo-Blastic Stresses
a discussion of the fibre push-out tests designed to assess these properties.
4.2 REVIEW OF THE LITERATURE
4.2.1 INTRODUCTION
Tliis section discusses some of the literature relating to residual stresses in CMCs. Firstly, 
the importance of CTE mismatch in attaining a satisfactory interfacial bond is discussed. 
This is followed by a study of measurements of the residual stresses as well as a review 
of existing analytical models. Finally, the techniques for interfacial strength measurements 
are addressed briefly, since they are currently the most common means for characterising 
the extent of the interfacial bond and will, therefore, contain information about residual 
stresses.
4.2.2 INTERFACIAL REQUIREMENTS
A major requirement of the interface is to transfer stress from the matrix to the fibres. 
In order to realise optimum stress transfer, the fibres have to be incorporated into the 
matrix in such a fashion that satisfactory adhesion is obtained. The bond also influences 
toughness such that the energy expended in pulling fibres from their sockets improves the 
toughness of the material. If the adhesive bond is too strong, however, the composite will 
fail by fast fracture. A  prerequisite for interfacial debonding, in preference to matrix 
microcrack propagation through fibres, is that the critical strain energy release rate of the 
interface, G', is less than approximately one quarter that of the fibres (He and 
Hutchinson, 1989; Evans and Marshall, 1989). It is necessary, therefore, to control the 
interfacial shear strength, t‘, such that the bond is strong enough to transfer stresses from 
the matrix to the fibres, without exceeding the limit for fast fracture.
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The adhesion of fibres to matrix may be achieved in two ways: by a chemical reaction of 
the two materials (discussed in § 3.23.4), or by an interfacial component arising from 
frictional traction (affected by residual thermo-elastic stresses). In the case of chemical 
reaction, the bonding can be so strong that no pull-out effect exists (for example silica 
bridging in SiC reinforced CMCs, Lewis and Murthy, 1991). The best conditions, for pure 
mechanical adhesion, will be obtained at a critical CTE mismatch between fibres and 
matrix. If the matrix fails to shrink onto the fibres sufficiently, the frictional traction will 
be too low and the necessary bond will not be attained. A question arises about the 
nature of the bond if the CTE of the fibre is greater than that of the matrix. In this 
instance, the interphase will have to withstand relatively large tensile radial stresses. 
Should the interphase fail, frictional traction will promote load transfer between fibre and 
matrix only if there is debris at the interface. If the matrix CTE is significantly larger than 
that of the fibre, however, fast-firacture will occur. It is a non-trivial process to tailor the 
interphase in CMCs to meet the bonding requirements. There is an obvious attraction, 
therefore, in adjusting the CTE mismatch to provide sufficient residual radial compression 
on the fibres to effect the necessary interfacial shear strength.
The mismatch in CTE between Nicalon fibres and a CAS matrix is capable of providing 
a clamping effect on the fibres. There will be, however, associated residual tensile stresses 
in the matrix which are likely to have adverse effects on certain composite properties. 
The magnitude of residual thermo-elastic stresses was highlighted by Krynicki et al (1992), 
who used a photoelasticity-based technique to determine the magnitude of these stresses 
in a Nicalon/7740 boro-silicate glass composite. Even though the mismatch in CTE in this 
system was only 1.8 %, normal stresses as high as 4 MPa were measured. In 1992 Ferber 
et al., in a study of Nicalon fibre reinforced macrodefect-free cement, reported protrusion 
of fibres relative to the matrix as a result of specimen preparation. This effect 
demonstrates the magnitude of the residual compressive axial stress in the fibres and the 
weakness of the interface. Beyerle et al (1992) concluded that the existence of the
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tensile axial stress in the CAS matrix lowers the matrix cracking stress relative to that 
found for other matrices, such as LAS (i.e. 130-150 MPa for CAS/Nicalon and 280- 
300 MPa for LAS/Nicalon). Furthermore, the authors argued that the compressive radial 
stress at the interface (given as -65 MPa) results in a high interface sliding stress, (10- 
28 MPa), when compared with values for LAS/Nicalon of 1-3 MPa (Cao et al, 1990).
4.2.3 MEASUREMENT OF RESIDUAL STRESSES
Residual stresses in composites are difficult to measure. The stresses which are present
in the vicinity of a free surface are particularly complex and, consequently, methods such
as XRD which probe surface layers are difficult to interpret. A more commonly used
technique for determining residual stresses is neutron diffraction which samples greater
depths. Further problems will arise, however, from debonding/sliding as a result of cooling
from the processing temperature (Marshall and Evans, 1985). These difficulties may be
overcome partly by removal of the slipped region of material by mechanical sectioning.
The introduction of a free surface may, however, cause fibre/matrix debonding over a
number of fibre diameters from the free surface. This highlights further the necessity to
use a technique which is capable of sampling bulk material in order to provide an accurate
measurement of the residual stresses. One such method of providing this information
involves the use of a polarising light microscope. Inorganic and organic glasses develop
stress-induced birefringence and optical anisotropy (Dally and Riley, 1978). When a thin
thickglass matrix composite specimen (less than 1  mim is placed between crossed polars, this 
optical anisotropy leads to transmission of light in the glass-matrix region with residual 
stress leading to light areas around the fibres. Bright et al (1991) used this technique to 
highlight the nature of the residual stresses in SiC-borosilicate glass composites. The 
resulting effect was a light region around the fibre, overlayed with a black cross (a result 
of using plane polarised light). It was found that the residual stresses exist over a distance 
of about two fibre diameters (in the x-y plane). It is unlikely, however, that this technique 
will find an application for glass-ceramic and ceramic matrix composites, where an
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unacceptably thin section would be required to achieve satisfactory light transmission. 
Moreover, used in isolation, this technique is not capable of providing quantitative 
information about the residual stresses.
Beyerle et al (1992) employed a dissolution technique in order to determine the 
magnitude of the residual stresses in CAS/Nicalon and LAS/Nicalon unidirectional 
laminates. This technique involved cutting long strips from the composite parallel to the 
fibre direction, polishing the strips then mounting them on a plate parallel to a steel 
reference strip. Surface features on the strips were photographed at high magnification 
with reference to marks on the steel strip. The ends of the strips were masked then with 
silicon rubber, and the matrix was dissolved using a dilute HF solution. The length of this 
dissolved section, w, was varied between 40 and 120 mm. The masks were removed and 
the positions of the surface features were photographed once again to give the 
displacement, 6 , of the masked section. The matrix residual axial stress, was 
calculated then using:
o” = w(l -  V f)
where is the elastic modulus of the fibres and Vf is the fibre volume fraction. 
Combining this equation with a graph of Ô versus w, the authors obtained a range of 
values for of 89 ± 13 MPa,
4.2.4 ANALYTICAL MODELS OF RESIDUAL THERMO-ELASTIC STRESSES 
Pryce and Smith (1992) employed supplier’s data to give a first approximation for the 
longitudinal residual stress in the matrix. The principal CTEs for the unidirectional 
material («i, parallel to the fibre direction and «a, perpendicular to the fibre direction) 
were given as 4.3 x 10'® and 4.5 x 10 ® The residual thermal strain in the matrix was 
evaluated, as the product of the temperature decrement and the CTE difference between
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the matrix and «i, to give a value of approximately 0.036 % (which equates to a stress of 
-  32 MPa). This value appears to be low, however, when compared with the results of 
Beyerle et al (1992).
Davies et al, 1993, calculated using the expression given by Schapery (1968):
+ E '”a'”(l -  Vf)
’ £/vj + £”(1 - V,)
where and a ” are the CTEs of the fibre and matrix, respectively and E“ is the elastic 
modulus of the matrix.
The authors obtained a value for of 4,2 x 10 ® K'^  (which is close to the supplier’s 
value). In order to obtain this value, however, the authors employed a set of material 
parameters that differs from those given in Table 4.1 (which lists material properties used 
throughout this thesis). Using the data in Table 4.1, one obtains a value of 
~ 3.92 X 10"® K‘^  which, using the analysis of Pryce and Smith (1992) gives a value for the 
residual stress in the matrix of ~73 MPa which is much closer to the value found 
experimentally, by Beyerle et al (1992). It is apparent, therefore, that there is an 
inconsistency between the supplier’s data and theoretical/experimental predictions.
Subsequently, Davies et al (1993) (after Harris et al, 1992) used o“ = E”(oc“ - a^AT to 
give a value for matrix residual stress of 140 MPa (assuming AT « 1000°C). Both groups 
of workers argue that if the cracking stress (of monolithic CAS) is 300 MPa and 140 MPa 
exists already within the matrix, the applied stress required to initiate cracking would be 
only 160 MPa. The lowest measure of matrix cracking stress, given by Evans et al (1991), 
is 140 -160 MPa, hence the authors argued that the value of 140 MPa is a likely measure 
of the residual stress in the matrix. It is apparent, from the work of Beyerle et al (1992), 
that the value of 140 MPa is excessively high. In fact the equation used is erroneous, in
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that it assumes that the fibres are infinitely rigid compared to the matrix.
A  number of authors (e.g. Beyerle et al, 1992; Cao et al, 1990) have employed the 
analysis of Budiansky et. al (1986) to calculate the radial residual stress in the matrix, 
and the longitudinal stress, a^. Both the fibres and matrix were assumed to be isotropic 
and to possess identical Poisson’s ratios. Using a Lamé-type analysis, Budiansky et al 
(1986) obtained the following expressions for the residual matrix axial and radial stresses:
„ ^ - ct”)A r
X^E{\ -  v)
Ef { l  -  Vf)AT((/ -  a^ ”)
2 A.j(l -  v)
where v is Poisson’s ratio, AT is the temperature decrement, E = VfE^  + (l-Vj)E“ and:
= (1 + EfE^)l2
Sambell and co-workers (1972) used the analysis of Aveston et al (1971) to calculate the 
stresses in a carbon fibre/pyrex glass composite:
„ ^ (g ” -
°  1 + VfiE^IE" -  1)
This application of the model was inappropriate, however, since the analysis was for 
isotropic materials and carbon fibres show anisotropic expansion behaviour (Fitzer and 
Gadow, 1986). An obvious shortcoming of the model was that the stress-strain problem 
was regarded as being one-dimensional, thus the influences of Poisson ratio, fibre diameter 
and mean distance between the fibres were neglected. Consequently, it was not possible 
to derive stress distributions.
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The analysis of Poritzky (1934) provided a three-dimensional calculation of stresses in a 
coated cylinder. The theory did not, however, allow for the effects of a free surface, nor 
did it allow for differing Poisson’s ratios. Hull and Burger (1934) applied the results of 
Poritzky (1934) to calculate the stresses in glass-coated metal wires and found the 
experimental results to be consistent with model predictions. Redston and Stanworth 
(1945) found some discrepancies and simplifications in the theoretical treatment, but the 
final results were found to be in agreement. The applied simplified equations for and 
were given as:
-  (/)a^ /  1  _ J_ '
1  + Ki + 6 ,^
=  -
js;«Ar(a“ -  (/)
^6^ 1 + K2(JS'”/E- )^
where iq = a^ /b^  ( 1  - 2 v), iq = h V  - 1 , a is the fibre radius and b is the radius of the 
matrix element.
Chou et al (1991) and Grande et al (1988) used the method of Oel and Frechette (1986) 
to determine the radial compressive stresses at the fibre/matrix interface, in the bulk:
— ----------- (a"* -  a- )^A!r^'"(l -  vf) + Ef( i  + v")
Both sets of workers agreed that the presence of compressive radial stress increased the 
value of the shear stress required for pull/push-out.
Hegeler and Bruckner (1990) detailed an experimental study of the influence of thermal 
expansion of the matrix on strength and fracture toughness of Nicalon fibre reinforced 
glass matrix composites. The authors observed that composite strength increased with 
progressively more compressive radial clamping stresses on the fibres. A limit was
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reached, however, when the residual stresses became so great that cracks began forming 
in the matrix, close to the fibre/matrix interface. Similarly, Gottler and Faber (1989), 
using indentation push-out tests (after Marshall and Oliver, 1987), observed that both 
interfacial shear strength and frictional shear stress increased linearly with residual stress, 
reaching a maximum of nearly double the strain-free value. Beyond a critical value of 
CTE mismatch, these workers observed a decrease in interfacial shear strength as a result 
of crack formation in the matrix. Both groups of authors used a Lame-type analysis and 
ignored the effects of a free surface. Furthermore, no information was provided relating 
the variation of experimental data to local fibre volume fraction.
A number of analytical models have been proposed to describe the full elastic stress field 
in a set of two or more coaxial cylinders subject to thermo-mechanical loading (e.g. 
Ishikawa et al, 1978; lesan, 1980; Mikata and Taya, 1985). The most complete of these 
appears to be that of Mikata and Taya (1985), who allowed for a four-layer structure 
composed of a fibre, coating, matrix and an infinite surrounding composite. The model 
is not exact, in that certain properties were acquired by a weighting process. Consequently, 
Warwick and Clyne (1991) modified the model of Mikata and Taya (1985) to allow the 
system to be composed of any number of concentric cylinders, with the outer surface 
being free. Using these modifications, the authors went on to explore single-coated fibre 
systems, which was not possible with the original model. As in many of the stress models, 
the analysis of Warwick and Clyne (1991) is based on the imposition of various boundary 
conditions for stress and strain compatibility, giving a set of simultaneous equations which 
is solved by standard procedures to give the principal stresses at a preselected set of radial 
locations within each material.
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Models proposed by Steif (1984), and more recently by McCartney (1989), allow for a 
micro-mechanical analysis of stress transfer between fibre and matrix arising from an 
interface where there is perfect bonding, or where friction is governed by the Coulomb 
law. The model developed in section 4.3 is a tractable variant of these analyses, offering 
a simplified description of the effects of the mismatch in CTE between fibres and matrix 
in CMCs.
4.2.5 INTERFACIAL STRENGTH MEASUREMENTS
Currently, the most common means for measuring the strength of the adhesive bond, 
involves either push-down/out or pull-out of the fibre from its surrounding matrix. 
Theoretically, fibre pull-out is likely to be the most appropriate technique since the failure 
process of a composite is often tensile (Gottler and Faber, 1988). In practice, however, 
fibre pull-out is the more difficult to perform, involving chemical etching of the matrix to 
expose the fibre ends and the subsequent delicate gripping of these ends. Consequently, 
on account of the simplicity of the test, fibre push-out has received the greatest attention. 
Recently, there has been considerable interest in the incorporation of residual stresses 
into the analyses of these techniques.
Marshall et aL (Marshall, 1984b ; Marshall and Oliver, 1987) initiated fibre push-out 
studies to measure frictional stresses between the matrix and individual fibres in CMCs. 
A standard micro-hardness indenter was used to apply a load, P, to the end of a fibre and 
depress it below the matrix surface (Figure 4.1). Marshall (1984b) proposed two different 
analyses, depending on the thickness of the specimen. The more straight forward 
calculation arises when the thickness, t, of the specimen (in the direction parallel to the 
fibres) is less than the slipping dktance, 1 (this is termed the "thin-slice" test). There are, 
however, problems associated with this mode of testing in that the specimens are difficult 
to produce, and there is a likelihood that anomalies will arise from two free surfaces being 
in such close proximity. Kallas et al (1992), in a study of the effects of specimen
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geometry on the thin-slice push-out test, determined that significant bending stresses may 
be present, especially in a composite that has a relatively high interfacial shear strength. 
The bending stresses were found to consist of radial and hoop components the magnitude 
of which were dependent on specimen thickness and the size of the hole in the support 
material. Consequently, at best the test provides reliable comparative data when adhering 
to a constant specimen thickness to hole size ratio (ideally greater than 2, Figure 4.2). 
At worst, unspecified, and probably large, support hole sizes render reported data useless.
If the specimen thickness is greater than 1, the analysis becomes more complex. Marshall 
(1984b) made a simplifying assumption that the axial stress in the fibre beyond the shpped 
region (i.e. z k 1, in Figure 4.1) is similar to the stress in an isotropic material loaded on 
its surface by a point load (i.e. Boussinesq field). It was then possible to determine, with 
relative simplicity, the frictional stress, x'. Subsequently, a number of other investigators 
have measured the load necessary to shp a fibre along all or part of its length by pushing 
on the end with an indenter (e.g. Brun and Singh, 1988) and also a flat-end punch 
(Bright et al, 1989).
The majority of analyses of fibre sliding have been based on shear-lag models with varying 
approximations. In the most simple analyses (e.g. Marshall, 1984b), sliding along a 
debonded interface is assumed to be resisted by a constant shear stress, Marshall and 
Oliver (1987) have extended this model to account for the effects of the mode II firacture 
energy, associated with the tip of the debond crack, and residual axial stresses in the fibre. 
Other models are based on the Coulomb friction law governing the sliding resistance, but 
not accounting for the existence of residual axial stresses in the fibres (e.g. Shetty, 1988). 
Recent analyses, however, have accounted for both axial and radial residual stresses with 
a Coulomb friction law (Hutchinson and Jenson 1990; Kerans and Parthasarathy, 1991). 
The model of Hutchinson and Jenson (1990) was developed for mechanically loaded 
fibres, whilst the analysis of Kerans and Parthasarathy, (1991) examined the special case
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for a single isotropic, mechanically-loaded fibre in an infinite matrix. Perhaps the most 
comprehensive examination of fibre debonding and sliding in brittle matrix composites has 
been provided by Marshall (1992) which uses the analysis of Hutchinson and Jenson 
(1990) to deduce interfacial properties from experimental measurements of fibre sliding.
4,3 ANALYTICAL M ODEL OF RESIDUAL THERMO-ELASTIC STRESSES
4.3.1 MODEL DEVELOPMENT
The model has been developed in three stages. Firstly, a standard Lamé-lype analysis is 
employed to determine the stress state in the bulk of the composite. Secondly, an elastic 
shear-lag analysis is used to model the stress variation with axial co-ordinate, z, near the 
free surface. Finally, the model is modified at a later stage so that load transfer between 
the fibre and the surrounding matrix is by frictional sliding rather than by elastic 
deformation.
A fundamental assumption at all stages of model development is that both fibres and 
matrix exhibit isotropic elastic properties. This appears to be a valid assumption for the 
system in question (§ 3.4.2.1). Figure 4.3 shows the concentric cylinder model and the 
stresses on an element. The effect of fibre volume fraction variation is examined by 
varying the outer radius of the matrix cylinder. The model is approximate in that the 
constraint effect of the surrounding composite is neglected.
In common with other concentric cylinder models, the first stage of the analysis is based 
on the imposition of various boundary conditions for stress and strain compatibility, giving 
sets of simultaneous equations which are solved by standard procedures (§ 4.3.2).
82
Chapter 4: A  Consideration Of Residual Thermo-Elastic Stresses
The relevant boundary conditions are:
1. Finite radial and hoop stresses at the centre of the fibre
2. Zero radial stress at the outer bound of the matrix cylinder
3. Continuity of displacement across the fibre/matrix interface
4. Continuity of the radial stresses at the fibre/matrix interface.
The resulting hoop, radial and axial stresses in both fibre and matrix are expressed in 
terms of axial strain (fibre or matrix).
The second stage of the model utilises a shear-lag analysis (following Steif, 1984) to 
provide an expression for axial stress in terms of axial strain. This is solved in conjunction 
with the equations derived in the first stage under the following boundary conditions:
1. The fibre axial stress is zero at the free surface
2. The fibre axial stress is finite in the bulk
This analysis provides a quasi-three dimensional description of the stress state for the 
composite, assuming complete chemical bonding between the fibres and the surrounding 
matrix.
The final stage of the model accounts for a situation, whereby the introduction of a free 
surface results in partial disruption of the chemical bond at the fibre/matrix interface. In 
this instance, it is assumed that load is shed back into the fibres by Coulombic friction, 
using boundary conditions derived from the parametric analysis of the second stage of the 
model.
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4.3.2 STRESSES IN TWO PERFECTLY BONDED CONCENTRIC CYLINDERS 
Referring to Figure 4.3, the stress-strain relations are:
(4.1)
£;(«)
(4.2)(^«)
(4.3)
Note that the superscripts (n) denote the cylinder identity, such that f is the fibre and m 
is the matrix.
Rearranging (4.3) in terms of the axial stress and substituting into (4.1) and (4.2):
^ --------[(l-vW)ef+v<»)ef-a(")A7Xl+v<”))+vf")ef] (4.4)(l-2v(“>)(l+v<">)
and:
^ ------- [(l-vW)6f+v(»>4">-a<”)AIi:i+v‘'‘>)+v'")€f] (4.5)( l - 2 vi:">)(l+v(”)) ^
The radial and tangential stresses satisfy the equation of equilibrium (Figure 4.3):
(4.6)dr r
Substituting (4.4) and (4.5) into (4.6), one obtains:
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£(«)(l-v(«)) def^  ^ yji’t) def^
( l - 2 v("))(l+v(")) dr (l-yW) dr r(l+v^" )^ =0
If denotes the radial displacement, then
d u f (»)
dr
(4.7)
(4.8)
Substituting these into (4.7) results in:
1  dUr*^  u( ' 0  ,.(n) + _ r
r dr =0
(4.9)
Integration of this equation yields:
2  r (4.10)
The stress components are now found (in terms of the respective axial strains) by using 
the solution to (4,10) in Equations (4.8) and substituting the results in (4.4) and (4.5):
a<»>=. (^») JgW
(l+v<«)) 2(l-2v(»))
£(«) A<P) gin)
(l+v(«)) 2(l-2v<«)) r \
£(«)
( l - 2 v("))
(n) («)
(l+v<"))
£;(«)
( l - 2 v(«)) «WAT+. "(l+v<«))
(4.11)
(4.12)
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The constants of integration for each cylinder are solved by the application of the 
boundary conditions stated in § 4.3.1, namely:
1 . “  as r 0
2 . cT = 0  at r = b
3. (/ = (T at r = a
4. u[ = u® at r = a
On account of the somewhat lengthy nature of the resulting equations for the stresses in 
both fibre and matrix, they were solved numerically by computer (refer to Appendix II) 
and rearranged to provide an equation of the general form:
o f  = (4.13)
The second stage of the model requires analysis of the transfer of stress from matrix to 
fibre across a perfectly bonded interface. It is assumed that Equation 4.13 represents the 
axial stresses and strains in both fibre and matrix at each z-section.
Axial equilibrium of a cylindrical element of the fibre requires:
^ = - 2 /  (4.14)
âz r
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Following Steif (1984), an approximation for the z-displacement distribution is assumed 
to be:
0 <rso (4.15a)
a<r^b (4.15b)
Note that at r = a:
At the interface the shear stress and shear strain are related by the shear modulus, thus:
(4.16)
If the shear strain in the fibre at the interface is denoted as:
then (4.16) becomes:
(4.17)
Define the mean fibre displacement (i.e. average of parabolic shell) as:
alji
7ua 0  0-JI a rdrdQ = (4-18)
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Also define the longitudinal strain in the fibre as:
(4.19)
Combining (4.18) and (4.19) results in:
 ^ 2[ dz dz ,
(4.20)
where:
du
dz^ =e”
Differentiating (4.14) with r= a  and combining with (4.17) and (4.20) gives:
< ] (4.21)
Balancing forces in the composite:
V fo {+ (1 -V f)a ^ = 0
It is now possible to combine the results from the first stage of analysis (4.13) with the 
results of the shear lag analysis (4.21) to provide a second order differential equation in 
the fibre axial stress.
dz
where:
Î =
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and:
AC A” [l-v JJ
Integration of this equation under the boundary conditions:
1 . (/ = 0  at z = 0
2 . |(^ 1A as Z-+ “ 
yields:
(4.22)
4.3.3 PARAMETRIC EVALUATION OF MODEL FOR CAS/NICALON 
4.3.3.1 Baseline Properties
The thermo-elastic data used in all stress calculations are presented in Table 4.1. Values 
of E and a were taken from Pryce and Smith (1992), values for v were assumed and G 
was calculated assuming the isotropic relation:
G=- E
2 (1 +v)
Unless stated otherwise, it is assumed that the composites are stress-free at the peak 
fabrication temperature which gives an assumed temperature decrease (i.e. from peak 
fabrication temperature to room temperature) of 1200 K. Image analysis of the 
CAS/Nicalon composite system determined that the average fibre volume fraction is 34%. 
Nicalon fibres show a considerable variation in fibre diameter and calculations were 
performed using a value of 2 0  micrometres for convenience.
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4.33.2 Effects of processing temperature
Figure 4.4 shows the dependence of the residual stresses (1 pm below the free surface) 
on temperature decrease. It can be seen from Figure 4.4 that the fibres experience 
compressive residual radial, hoop and axial stresses as a result of the assumed temperature 
drop of 1 2 0 0  K- Similarly the matrix material is subjected to residual tensile hoop and 
axial stresses. The tensile stresses in the bulk matrix (see Figme 4.5) constitute a 
significant proportion of the total matrix stress at which matrix cracking occurs when the 
composite is loaded in tension (Evans et al., 1991). These values are likely to be in excess 
of those found in practice in view of the assumptions made. However, even a 
temperature drop of 600 K would give rise to significant tensile stresses.
4.3.3.3 Fibre volume fraction dependence
Figure 4.6 shows the variation in values of fibre and matrix stress (at a depth of 1 pm 
from the free surface) with local fibre volume fraction. Note that values are not given for 
Vf > 0.5. The reason for this is that interaction effects between the model cylinder and 
the surrounding composite have been ignored and a stress-free boundary condition has 
been imposed on the outer radius of the matrix cylinder. This becomes increasingly 
difficult to justify as fibre volume fraction increases and accordingly the stress predictions 
are not reliable.
The stresses are influenced strongly by the local fibre volume firaction; an increase in Vf 
of 0.1 causes an increase of ~ 6  MPa in the axial matrix stress. Reference to Figure 4.7 
shows that in practice, the fibre distribution is non-uniform, with local fibre volume 
fractions varying from close to zero to approximately 0.8. In regions of high fibre volume 
fraction the surrounding matrix will experience larger tensile hoop and axial stresses than 
associated with zones of low fibre volume fraction. Since lateral cracking is known to be 
sensitive to residual stresses (§ 2.2.4.3), it is expected that lateral cracks will be promoted 
in regions of matrix with high fibre volume fraction.
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Numerous investigations (c.f. § 4.2.5) have centred on measuring the interfacial bond 
strength between fibre and matrix by push-out tests. In many cases, fibres for push-out 
(either by micro- or nano-hardness testing methods) have been selected at random; those 
fibres that could not be pushed down were ignored. In one case (Bleay, 1992), regions 
of low fibre volume fraction were targeted specifically. In such areas, compressive radial 
stresses on the fibre are relatively large but the residual interfacial shear stress is greater 
than in areas of high volume fraction. Presumably areas of low fibre volume fraction were 
selected in order to achieve a satisfactory number of push-downs. In the light of the 
findings of the model, it is proposed that a large number of readings taken at random 
across a specimen would be required to provide a meaningful average interfacial shear 
strength.
4.3.3.4 Stress transfer between fibre and matrix
Figure 4.5 shows the variation of fibre stress, matrix stress and interfacial shear stress with 
distance from the free surface. The transfer length (i.e. the distance over which the bulk 
values of the stresses are approached) is approximately one fibre diameter from the free 
surface. The interfacial shear stress has a maximum value of 230 MPa at the surface. 
Even allowing for the approximations in the analysis this value is high compared to typical 
quoted values for the strength of a few MPa (Grande et al, 1988). This suggests that at 
room temperature a portion of the fibre close to the free surface is likely to be debonded 
i.e. there is no material continuity although frictional load transfer is possible. The 
following section examines the stresses present in such a frictionally bonded system.
43.3.5 Stresses In a Pair of Frictionally Bonded Coaxial Cylinders 
The objective of this section is to attain, via simplistic calculations, the transfer length (i.e. 
the distance over which the bulk values of the stresses are obtained) for a frictionally 
bonded system.
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The shear stress at the interface is assumed to be related to the normal stress via a 
Coulomb friction law, thus:
(4-23)
Substituting (4.23) into (4.14) gives:
(4.24)
dz a
Which may be solved under the following boundary conditions:
1 . = 0  when z = 0
2 . = o f  when z = 1^
to yield:
2[ia f
Using (4.25), with an assumed value of {i=0.2, gives a transfer length at room temperature 
of 65 micrometres. The coefficient of firiction has been taken to be constant over the 
temperature range 300 - 900 K. Hence from (4.25), fj will be unchanged also over this 
temperature range.
Figure 4.8 shows the stress transfer as a function of temperature based on the frictional 
model and was constructed using the value of 1^ from Equation 4.25 and the equilibrium 
value of the fibre axial stress from (4.22) with z-»«>. The introduction of a free surface 
(curve 2 ) to the equilibrium state (curve 1 ) releases a proportion of the residual axial 
thermal stresses in both fibre and matrix, giving rise to a strain mismatch and a consequent
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fibre protrusion estimated at 60 nm. Raising the temperature to 900 K (curve 3) effects 
a mean increase of 2 0  nm in the calculated fibre protrusion relative to the matrix.
Therefore, assuming that the fibre is debonded and that load is shed back to the fibre via 
Coulombic friction, the debond length is estimated to be 65 micrometres for a 1200 K 
temperature drop, compared with a transfer length of around 2 0  micrometres from the 
shear-lag analysis. Consequently, experiments were devised to examine the extent of this 
free surface debonding.
4.3.4. EXPERIMENTAL OBSERVATIONS OF NEAR-SURFACE EFFECTS IN CAS/ 
NICALON
The calculations in § 4.3.3.5 suggest that, if the effects of differential polishing are 
ignored, then the fibre should stand proud of the surrounding matrix by approximately 
60 nm. Figure 4.9 is an AFM pseudo-colour-height map of a fibre/matrix region in an as- 
polished CAS/Nicalon composite material. It is evident from this image that the fibre is 
protruding relative to the matrix by approximately 50 nm. It might be hypothesised that 
this protrusion is a direct result of differential polishing between the relatively hard 
Nicalon fibres and the surrounding softer matrix. This effect may be compounded by fibre 
protrusion when a free surface is introduced.
Figure 4.10 shows an as-polished specimen with cracks bridging adjacent fibres. The 
model predicts that the residual hoop stresses in matrix material are a high proportion of 
the fracture strength of CAS. It is conceivable that mechanical damage could induce 
hoop cracks in fibre-rich areas.
Figure 4.11 shows one of a small proportion of fibres which have relaxed partially during 
specimen preparation (note the rounded edge at the fibre tip). Attribution of this 
protrusion to release of residual stress would suggest that approximately one millimetre
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of fibre/matrix interface was completely disrupted during the preparation process.
The effects of the introduction of a free surface were studied using a scanning electron 
microscope, equipped with a heating stage (§ 3.3.5.1 ). As a result of the unusual 
geometiy of the specimen within the heating stage, backscattered electrons are unable to 
reach the detector. This geometry also restricts a large proportion of secondary electrons 
from reaching the detector, thereby giving rise to a low signal to noise ratio. This ratio 
becomes even lower at high temperatures as a result of photons emitted from the sample 
reaching the light pipe of the detector. Despite these difficulties, it was possible to make 
some observations with the assistance of a Pixie 8  framestore device. The effect of 
heating a typical region is shown in Figures 4.12a and 4.12b. It is not obvious from the 
figures that any movement has occurred. It is possible however to estimate the degree 
of movement by using simple geometry based on measuring the displacements of features 
on the top surface of the fibre, relative to other features on the surface of the matrix. 
From these measurements it was found that there was a slight increase in fibre protrusion 
relative to the matrix, estimated to be of the order of 50 nm. Calculations based on a 
debond length of 65 micrometres (§ 4.S.3.5) suggest that a temperature rise to 900 K (i.e. 
AT = 600 K) should induce a 20 nm increase in fibre protrusion relative to the matrix. 
The experimental results are consistent with the hypothesis that a portion of the 
fibre/matrix interface is debonded at room temperature.
The application of heat to one particular specimen caused a minority of the fibres to 
"pop-out" of the composite (Figure 4.13). This may be a result of mechanical damage to 
the specimen in the form of fibre breakage and disruption of the fibre/matrix interface. 
Heating the specimen might relax sufficiently the compressive stresses restraining the 
broken fibre in its socket so as to allow dynamic relief of residual thermal axial stresses 
and the projection of the broken fibre out of its socket.
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43.5 COMPARISON OF MODEL RESULTS WITH THE LITERATURE 
The analytical model presented in this chapter gave a value for the matrix axial stress as 
Uz® = 8 6  MPa. This value was obtained from the bulk composite (z -  «»), with a fibre 
volume fraction of 34 % and a temperature decrement of 1200 K  Table 4.1 presents 
typical parameters that have been quoted in reference to Nicalon/Tyranno fibres and 
CAS/BMAS matrices. There is, however, a significant degree of uncertainty about these 
fundamental material properties. This uncertainty will be the weak link in any analysis. 
In addition, the temperature decrement, AT, is ill-defined and in some cases higher stress 
levels may develop through matrix crystallisation. Nevertheless, Table 4.2 provides an 
objective comparison between the aforementioned matrix axial stress and values derived 
firom literature-based models (§ 4.2.4). In order to perform this comparison, it has been 
necessary to use the same material data that was employed in the analytical model (Table 
4.1). It is evident that the results of the analytical model derived in this section are 
consistent with the majority of hterature-based analyses.
4.3.6 COMMENTS ON THE BMAS/TYRANNO SYSTEM
The data of Table 3.1 show that the CTE of barium osumihte is 1.7 x 10 ^  K‘\  The CTE 
of Tfyranno fibres is equivalent to Nicalon fibres, consequently, the CTE mismatch for the 
BMAS/Tfyranno system is reversed relative to CAS/Nicalon. It is to be expected, 
therefore, that there wiU be also a reversal in sign of the residual stresses. The nature of 
this stress reversal is apparent from a comparison of Figure 4.14 with Figure 4.6. The 
compressive residual axial stress in the matrix, in regions of high fibre volume fraction, 
would be expected to inhibit the formation of lateral cracks (in contrast to CAS/Nicalon). 
Contrary also to the predicted results for CAS/Nicalon, one would expect also recession 
of the Tfyranno fibres relative to the BMAS matrix as a result of localised damage to the 
fibre/matrix interface.
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4.4. CONCLUDING REMARKS
An analytical model has been presented for prediction of the stress distribution within a 
composite system composed of two coaxial cylinders as a result of a uniform temperature 
change. The model provides for the case of perfect bonding at the mating interfaces in 
which a consistent shear-lag theory has been invoked to describe the stress transfer near 
to a free surface. The model predicts that cooling of CAS/Nicalon from the fabrication 
temperature, can lead to large compressive stresses in the fibres. There are also high 
tensile axial and hoop stresses in the matrix. These stresses are sensitive to local fibre 
volume fraction which has implications for wear studies and for push-out tests for the 
measurement of the fibre/matrix interfacial shear strengths. Experimental observations 
confirm that the fibres are in compression since mechanical and thermal damage to the 
specimen may cause fibre/matrix debonding, leading to fibre pop-out. An analysis of the 
residual stress state of BMAS/lfyranno, using the model, suggests a reversal of the stresses 
with respect to CAS/Nicalon. Consequently, in contrast to CAS/Nicalon, it is to be 
expected that lateral cracks will be inhibited in regions which have a relatively high local 
fibre volume fraction. Damage to the fibre/matrix interface would be expected to result 
in fibre "pop-in". Predicted values for the interfacial shear stress at the surface suggest 
that there is likely to be a portion of the fibre/matrix interface which is debonded at room 
temperature. Simple calculations coupled with experimental analysis of a CAS/Nicalon 
continuous fibre composite system support this prediction.
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Table 4.1 Material properties (representative values from those presented in the
literature).
CAS BMAS Nicalon Tyranno
Maximum 
Use Temp /°C
1200-1300 1200-1250 ^ 1 0 0 0 ^ 1 0 0 0
Predominant
Phase
Anorthite Ba Osumilite P-SiC p-SiC
CTE/ 
xlO « K '
4.6 1.7 3.3 3.3
P/kg m*^
2.45 2.77 2 . 6 23-2.4
E/
GPa
90 106 190 2 0 0
u 0.25 0.25 0.14 0.14
Ultimate 
Stress /MPa
80-170 - 2500-3000 3000 ± 500
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Table 4.2 Predicted values of residual matrix axial stress in CAS/Nicalon, according to 
various models from the literature and the model developed in § 4.3
Authors Predicted Residual Matrix 
Axial Stress (MPa)
Model, § 4.3 8 6
Beyerle et al. (1992) 89 ±  13 (Exptl result)
Davies et al. (1993) 140
Pryce and Smith (1992) 73
Budiansky et al. (1986) 91
Aveston et al. (1971) 73
Poritzky (1934) 91
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Figure 4.1 Schematic of the fibre push down/out test.
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Figure 4.2 A summary of specimen geometry effect on the maximum interfacial stress 
components during a thin-slice fibre push-out test. The graph shows the normalised (with 
respect to the indenter pressure) maximum stress components versus thickness/hole 
size ratio. [Redrawn from Kallas et al, 1992.]
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Figure 43  The concentric cylinder model and the stresses on an element.
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Figure 4.4 The effect o f tem perature drop on the residual stresses in CAS/Nicalon at 
r= a  and at a depth of 1  micrometre from the free surface.
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Figure 4.5 Residual stress variation with distance from free surface.
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Figure 4.6 The variation of the residual stresses with local fibre volume fraction at 
r= a  and at a depth of 1  micrometre from the free surface.
&
Figure 4.7 Reflected light photomicrograph depicting fibre distribution in a
CAS/Nicalon composite.
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Figure 4.8 Graph of frictional bonding analysis in § 4.3.3.5.
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Figure 4.9 Atomic force microscope pseudo-colour height map of an as-polished 
surface of a CAS/Nicalon composite plate (the raised section is part of a Nicalon fibre).
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Figure 4.10 Secondary electron photomicrograph of the surface of an
as-polished sample.
Figure 4.11 Secondary electron photomicrograph of an as-polished specimen.
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Figure 4.12 (a) Secondary electron photomicrograph of composite surface,
T = 300 K. (b) Secondary electron photomicrograph of composite surface, T  = 900 K.
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Figure 4.13 Secondary electron photomicrograph of composite surface, T  = 900 K.
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Figure 4.14 Residual stress variation with local fibre volume fraction for 
BMAS/Tyranno (r = a and z = 1 pm).
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Chapter 5 
INDENTATION BEHAVIOUR
5.1 INTRODUCTION
The indentation test has been adopted widely for the characterisation of hardness and 
fracture properties of ceramic materials. Moreover, indentation fracture is a useful 
starting point, in the consideration of the erosive and abrasive wear behaviour of ceramics. 
Furthermore, indentation tests are simple to perform, require only small test pieces and 
use readily available equipment, providing an experimentally attractive precursor to the 
study of wear of ceramics.
The general features of indentation fracture have been outlined in § 2.2. The most likely 
mode of contact that the CMCs will see "in-service", in jet propulsion units, will result 
from relatively small particles travelling at sub/super-sonic velocities. It is reasonable to 
assume, therefore, that the resulting contact sites will be elastic-plastic. Such a response 
can be induced through the use of a Vickers profile diamond and this is the mode of 
testing that has been adopted in this study (experimental details are described in 
Chapter 3).
This chapter presents details of the experimental study of the indentation and associated 
fracture of two continuous fibre reinforced ceramic matrix composites. Unless stated 
otherwise, the indentations have been introduced parallel to the direction of the fibres. 
The results are discussed in the light of the findings of the previous chapter which 
described the sensitivity of residual stresses to the local fibre volume fraction.
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5.2 OBSERVATIONS OF INDENTATION BEHAVIOUR OF 
CAS/NICALON
5.2.1 HARDNESS
The use of relatively low loads (i.e. less than 1 kg) faciUtated indentation analysis of the 
matrix-rich regions of the composite (§ 3.4.2.2). If larger loads were employed, or the 
indentations were placed incorrectly, matrix material in close proximity to the fibres was 
sampled, leading to the formation of radial and/or lateral cracks. The introduction of 
these cracks diverts energy away from the process of plastic deformation, giving rise to an 
undesirable result. Furthermore, fibre-rich matrix regions possess an alternative 
microstructure to their matrix-rich counterparts, suggesting the existence of a different set 
of mechanical properties which would complicate further the measurement of hardness.
Figure 5.1 is a logarithmic plot of indentation load, P, versus the length of the indentation 
diagonal, d. Reference to Equation 2.12 reveals that the gradient of this graph is the 
indentation size effect (ISE) index. It may be deduced, jfiom linear regression of the data 
presented in Figure 5.1, that the ISE for CAS, in a matrix-rich region, is 1.93 (with a 
product moment correlation coefficient equal to 0.998). As discussed, in § 2.2.6.3, an ISE 
of 2 means that the hardness is independent of load. A value of 1.93 implies, therefore, 
that the hardness of these matrix-rich areas is relatively insensitive to load (over the load 
range studied here). Topical values of ISE, quoted by Ramsey and Page (1988), show a 
range from 1.6 to 1.85. The value determined here is not, therefore, unreasonable. It is 
likely that this material insensitivity to contact load is a result of the small scale of the 
microstructure relative to the size of the indentation impression. If the specimens were 
to be probed with lower loads, employing the relatively new technique of nano­
indentation, a more noticeable ISE is likely to result.
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The hardness of the specimen in fibre-rich regions is a more variable quantity. Figure 5.2 
provides a quantitative comparison between hardness indentations overlapping a varying 
number of fibres. It is apparent from this figure that, in general, the greater the number 
of fibres below the indentation diamond, the lower the apparent hardness, i.e. the larger 
is the size of the remnant impression. This behaviour is consistent with the weak nature 
of the graphitic interphase at the fibre/matrix interface. As the indenter contacts the top 
of a fibre, it readily causes a debond and the fibre is depressed into its socket. The net 
effect of this fibre depression process is that the diamond contacts the surrounding matrix 
with a greater area than expected (without fibres), leading to an apparently lower value 
of hardness. It is inappropriate, therefore, to assign a hardness value to the composite 
as a whole, although regions of matrix which are a significant distance from fibres do show 
a constant indentation impression size for a given load.
Theoretically, the hardness of the composite may be expressed as a function of the local 
fibre volume firaction by weighting the contribution of each fibre to the indentation site. 
This approach is complicated, however, by the fibre debonding and depression mechanisms 
that occur beneath the indenter. The relative ease with which these processes occur 
depends on the residual stresses (which in turn are sensitive to the local fibre volume 
fraction) and the angle of the applied load relative to the fibre axis. If the apex of the 
indenter is placed directly on the top of a fibre, parallel to its axis (i.e. a push down test), 
it is likely to slide with relative ease. However, if the axis along which load is applied is 
at an oblique angle to the fibre (a probable occurrence considering the sloping faces of 
the Vickers pyramid and the tortuosity of the fibres), a significantly larger indentation load 
will be required to effect a similar fibre depression. The degree to which fibres are 
kinked within their sockets and the likelihood of sub-surface fibre fracture will require 
consideration also in order to determine the composite hardness as a function of the local 
fibre volume fraction. In view of these considerations and the relatively little value that 
would be derived from such an exercise, this analysis has not been undertaken here.
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5.2.2 CHARACTERISATION OF INDENTATION FRACTURE PATTERNS
5.2.2.1 Surface traces of indentation damage
Figure 5.3 depicts the damage resulting from a macro-indentation (5 kg) parallel to the 
fibre direction. Surface traces of radial cracks are evident at the apices of the remnant 
indentation impression. Figure 5.4 examines a radial crack at higher magnifications. The 
crack path follows preferentially a path close to the Nicalon fibres, causing visible damage 
to the fibre/matrix interface. The analytical model presented in Chapter 4 predicts that 
there will be considerable tensile hoop stresses in regions of matrix which have a relatively 
high local fibre volume fraction, as a result of CTE mismatch between the two 
constituents. Further, the model predicts that there is likely to be near-surface disruption 
of the chemical bond between the fibres and surrounding matrix, derived from the 
introduction of a free surface. A  combination of these factors is likely to provide a path 
of least resistance to the advancing radial crack front, thereby explaining the observed 
cracking behaviour in fibre-rich regions. The magnitude of the residual hoop stresses in 
fibre-rich regions of matrix can be appreciated fi-om the presence of hoop cracks bridging 
neighbouring fibres in the vicinity of the contact site.
The fibre movement discussed in § 5.2.1 can be observed within the bounds of the 
remnant impression shown in Figure 5.3. It is apparent that those fibres beneath the 
indenter remain at a level below the initial specimen surface. A  probable e^qplanation for 
this behaviour lies in sub-surface fibre fracture, resulting from the application of load at 
an oblique angle to the fibre length. Such a fracture would lead to permanent depression 
of fibres after complete removal of the indentation load. Even those fibres indented by 
the apex of the indentation diamond are liable to be loaded off-axis due to the inherent 
non-linearity of the fibre lay-up.
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There is evidence of lateral cracking around the perimeter of the remnant impression, 
where sub-surface lateral cracks have grown towards and, in some instances, intercepted 
the free surface. In some instances, this process has led to loss of material.
The two fibre-rich quadrants in Figure 5.3 occupy a greater surface area than their matrix- 
rich counterparts. There are a number of probable hypotheses for this phenomenon 
including the fibre push-down effect observed when attempting to determine the 
composite hardness. Assuming that both the specimen and sample assembhes are 
mounted rigidly, it is unlikely that this hypothesis is correct since all four faces of the 
pyramid should move to the same level relative to each other. Another possibility arises 
from the specimen surface not being presented normal to the indenter. In order to test 
this hypothesis, a number of similar indentations were performed on various specimens, 
rotating the specimen through 60° between each test. In each instance, the fibre-rich 
quadrants of the indentation impression were larger than the matrix-rich quadrants. The 
most likely explanation for this behaviour may be found in the sensitivity of the residual 
stresses to the local fibre volume fraction. In Chapter 4, residual tensile axial stresses in 
the matrix were predicted to increase with local fibre volume fraction. Consequently, the 
matrix in the fibre-rich quadrants of the indentation impression is expected to promote 
the initiation and growth of lateral cracks. In this instance, the lateral cracks would 
reduce the local effective elastic modulus of the composite, rendering it less able to 
recover elastic energy, when the load has been removed. This would result in an 
increased impression size relative to matrix-rich areas. It is evident that this effect should 
be ako taken into account when considering the hardness of the composite material 
(§ 5.2.1).
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5.2.2.2 Sub-surface fibre damage
Figure 5,5 depicts a sample in which the matrix has been leached away in the region of 
a 10 kg indentation, using 40 % HF. The support which was holding together broken 
fibres has been removed, with the subsequent loss of the fibre ends during the ensuing 
rinsing processes. The fibre breaks occur at a distance from the free surface of 
approximately one fibre diameter.
It is unsatisfactory, however, to rely solely on the interpretation of surface phenomena and 
matrix dissolution of macro-indentations in order to predict sub-surface fracture behaviour. 
Consequently, two parallel studies were employed to probe the sub-surface damage 
resulting from indentation. In the first instance, features of interest were exposed by a 
mechanical sectioning process. The second study involved a novel use of the relatively 
new technique of CSLM.
5.2.2.3 Mechanical sectioning
A  common means for the examination of sub-surface damage is the "snap-open" technique 
(e.g. Smith and Scattergood, 1992; Colclough, 1993). A  number of indentations are placed 
in close proximity, such that their radial cracks are sufficiently close so as to give a line 
of weakness through the specimen. A marker solution is then injected into the crack and 
the specimen is fractured along the fault. The resulting transverse sections may be viewed 
in a scanning electron microscope, the marker providing contrast by means of atomic 
number. There are, however, two major features which make the application of this 
technique to this study unsuitable. Firstly, the rapid crack propagation, which occurs 
during the sample break, is likely to introduce dynamic artefacts into the fracture patterns. 
Secondly, it is apparent that the radiais which appear on the surface of the composite 
follow a path through fibre-rich regions and fibre/matrix interfaces. Application of the 
snap-open technique to the composite system would result, therefore, in a highly irregular 
fracture surface. Consequently, a metallographic technique was employed to reveal sub­
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surface information
The metallogiaphic technique was a sequential process, relying on the removal of 
approximately 1  pm of material, parallel to the surface, then recording the damage pattern 
by RLM. Measurement of material removal was facilitated by the use of the fine-focus 
system of the microscope. This method of measuring relative specimen heights was, 
however, prone to errors resulting from hysteresis of the stage control mechanism, such 
that the accuracy of the technique was limited to, at best, ± 2  pm.
Figure 5.6 is a typical sequence of images resulting from progressive sectioning through 
a region of composite material containing a 1 kg Vickers profile indentation parallel to 
the fibre direction. The reflected light photomicrograph depicted in Figure 5.6a was 
recorded at the original surface of the specimen (i.e. z ~ 0 pm). At the centre of this 
figure, there is clear evidence of plastic deformation of the matrix, with radial cracks 
emanating from the apices of this diamond impression. Gross damage to nearby 
fibre/matrix interfaces is apparent also as defocussed regions around the fibres. There is 
a region of whitened matrix to the north-west of the impression, associated with relatively 
high fibre volume fractions. CAS is a glass-ceramic and is translucent to light in the 
visible range of the electro-magnetic spectrum. Indeed, the most likely source of signal 
attenuation from within CAS matrix is internal reflection at the grain boundaries. 
Consequently, information pertaining to sub-surface damage (such as lateral cracks) would 
be expected to come from several micrometres below the free surface. Inherently, RLM 
has a poor depth of field and, concomitantly, sub-surface information is overlayed on the 
image of the specimen surface, giving rise to a blurred image as seen in the 
aforementioned fibre-rich region. It is likely, therefore, that whitened regions of material 
are indicative of sub-surface fracture.
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Figure 5,6b is a photomicrograph of the same region of composite, except that 
approximately 1.5 pm of surface material has been removed. The primary difference 
between Figures 5.6 a&b is that there is no longer evidence of radial cracks, i.e. the radial 
cracks are restricted to a near-surface region. Moreover, removal of even more surface 
material (Figures 5.6 c&d) reveals that the gross damage to the fibre/matrix interface is 
limited to a distance of less than 5 pm from the original free surface. This effect has been 
investigated in greater detail in Figure 5.7 which shows the interfacial region of a fibre 
which was below the indenter. The images in this figure were recorded after 
approximately 2 pm of material had been removed by mechanical sectioning. There is 
evidence of significant damage to the interface at this level.
Reference to the sequence of photomicrographs in Figure 5.6 reveals that the fibre-rich 
region, displaying white discolouration in Figure 5.6a, contains lateral cracks. These 
lateral cracks appear to advance away from the free surface as they move towards the 
fibres.
The damage patterns in higher load indentations (2 - 20 kg) were found to be similar to 
those observed for the 1  kg indentation, in that the lateral cracks are associated with 
fibre-rich regions and gross fibre/matrix debonds and radial cracks are restricted to near­
surface zones.
Whilst the mechanical sectioning process provides invaluable information about sub­
surface damage, it is both destructive and time-consuming. From an analytical point of 
view, the destructive nature of the technique causes the most concern, since artefacts may 
be introduced into the fracture pattern. Furthermore, there is a significant margin of 
error encountered in the measurement of the amount of material removed at each stage. 
Consequently, the technique of CSLM was employed to overcome these deficiencies.
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5.22.4 Confocal scanning laser microscopy
I. Optical sectioning
Figure 5.8 contains a similar sequence of RLM photomicrographs to Figure 5.6. 
Figure 5.9 is a through-focus image of the 1 kg indentation characterised in Figure 5.8. 
Much of the information presented by this image is present in Figure 5.6a, except that all 
of the details are in focus (refer to Appendix I). This montage offers a relatively high 
resolution image of the lateral cracks characterised by the mechanical sectioning 
technique. This figure does not, however, provide information about the depth of these 
cracks. Consequently, the colour-height map in Figure 5.10 is used to overcome this 
problem. The colour scheme, depicted in the key to the top left of the image, is such that 
the surface of the specimen is red and information farthest from the surface is designated 
dark blue. This scale has been corrected for the mismatch in refractive index that results 
from use of a dry objective (discussed in Appendix I). It is apparent that the resulting 
heights measured by CSLM are consistent with those observed using the mechanical 
sectioning technique. Moreover, the position and size of lateral cracks shown by CSLM 
are in accordance with results from mechanical sectioning.
The nature of signal generation at a flaw oriented parallel to the laser beam is not 
conducive to a study of the sub-surface behaviour of radial cracks and, consequently, the 
confocal scanning laser microscope was utilised primarily for the examination of lateral 
cracks. This was not, however, a major disadvantage since the lateral cracks are of the 
most interest in a wear study, whereas radial cracks are important when considering 
strength degradation. Furthermore, it is possible to image radial cracks at the surface of 
the material without the assistance of sub-surface profiling techniques.
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II. Quantitative analysis of lateral cracks
Use of the confocal scanning laser microscope facilitated a study of a large number of 
indentation sites over a range of loads. This analysis was not practical with mechanical 
sectioning. The area of the lateral cracks was measured, as well as the segment subtended 
by two or more fibres local to each crack (Figure 5.11). The distance of the farthest 
group of fibres to which the lateral crack grows, was recorded also at each load. This 
critical indentation/fibre distance has been termed the radius of interaction. Figure 5.12 
summarises the data collected over a load range 300 g to 1 kg, providing information 
about the sensitivity of lateral cracks to the local fibre volume fraction.
III. Topographical Analysis
The confocal scanning laser microscope was used to monitor the damage introduced into 
fibre/matrix interfaces by the action of Vickers profile indentation. Coating the specimen 
with gold prevented the laser from penetrating the CAS matrix and also eliminated the 
difference in reflectivity between fibres and matrix. This permitted acquisition of surface 
profiles around the damage site. The 488 nm laser line was used to provide enhanced 
resolution. Figure 5.13 shows a topographical projection of the region around a 1 kg 
indentation. Those fibres which have incurred interfacial damage protrude relative to the 
matrix.
5.2.3 TEMPERATURE EFFECTS
Figure 5.14 contains a set of colour-height maps of the damage introduced by 1 kg 
indentations over a temperature range of 500 to 900 K. It is apparent that the amount 
of lateral cracking observed at 500 K is similar to that experienced at room temperature 
(Figure 5.10). Conversely there is a considerably reduced incidence of lateral fracture at 
900 K relative to the aforementioned temperatures. Moreover, there appears to be less 
lateral cracking at 700 K (in comparison with room temperature and 500 K), although this 
decrement is less significant than that observed at 900 K.
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5.2.4 MICROSTRUCTURAL EFFECTS
Microstructural analysis of the matrix (§ 3.4.2.2) highlighted that the fibre-rich regions 
were composed of large grains of anorthite, interspersed with the nucleating agent. 
Regions of matrix with a particularly low fibre volume fraction, however, comprised small 
grains of anorthite with a-alumina and a relatively large quantity of the nucleating agent. 
Figure 5.15 shows two 500 g indentations; the impression to the north of the 
photomicrograph is in a matrix-rich area, whilst the other is sited close to a fibre-rich zone 
to the south of the image. This photomicrograph has been recorded under crossed polars 
in order to highlight the matrix-rich region, relative to the rest of the material. It is 
apparent that radial cracks form readily in the fibre-rich region, whilst cracking is 
suppressed by the matrix-rich zone. The fine grain size of the matrix-rich region is likely 
to account for this behaviour, although there is also a possibility of compressive stresses 
resulting from CTE mismatch of the different phases in the matrix. These regions must, 
however, be taken into account when considering wear behaviour in that cracking is more 
likely in close proximity to the fibres as a result of both residual stresses and the nature 
of the microstructure.
5.2.5 INDENTATION FRACTURE PERPENDICULAR TO THE FIBRE 
DIRECTION
The study of indentation fracture in the transverse fibre direction remains incomplete 
since loading the indenter causes fibres to be levered from their sockets. This loss of 
fibres occurred at loads as low as 1 0 0  g and, consequently, the matrix was the only part 
of the composite that was indented. A  further complication with the examination of this 
orientation may be observed in the colour-height map in Figure 5.16. This image was 
acquired from an as-polished sample. The strength of the fibre/matrix bond was so low 
that many of the fibres were lost during specimen preparation. As these fibres were 
pulled out, they caused a degree of sub-surface damage in the matrix, analogous to lateral 
cracking. It is difficult, therefore, to distinguish between fracture sites which were
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introduced by indentation and those that arose as a result of preparation damage.
5.3 INDENTATION BEHAVIOUR OF MONOLITHIC CAS
5.3.1 INTRODUCTION
A  study of the indentation behaviour of stoichiometric monolithic CAS was initiated to 
provide a baseline from which the effects of fibre addition could be assessed.
5.3.2 HARDNESS
Figure 5.17 presents a logarithmic plot of indentation load, P, versus the length of the 
indentation diagonal, d (c.f. Figure 5.1). Reference to Equation 2.12 reveals that the 
gradient of this graph is the indentation size effect (ISE) index. It may be deduced, from 
linear regression of the data presented in Figure 5.17, that the ISE for monolithic CAS 
is 1.86 (with a product moment correlation coefficient equal to 0.997). This hardness 
variation is similar to that observed in § 5.2.1 for matrix regions of the CAS/Nicalon 
composite.
5.3.3 INDENTATION FRACTURE PATTERNS
In comparison with the large-grained anorthitic regions of the CAS matrix, the monolithic 
material appeared to be particularly tough. Whilst radiais formed in the-composite 
material at loads as low as 300 g, the critical load for the monolithic material was between 
1 and 2 kg (the 1 kg indentation shown in Figure 5.18a provides little evidence of fracture 
in comparison to Figure 5.10). Mechanical sectioning of relatively high load ( > 1 0  kg) 
indentations revealed a significantly greater penetration of radiais into the bulk than was 
observed in the composite. It is apparent, therefore, that the shallow radiais observed in 
the composite are not an artefact of CAS.
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5.3.4 ENVIRONMENTAL EFFECTS
Oxide materials are often the subject of environmental attack, termed static fatigue (e.g. 
Smith and Scattergood, 1992). Consequently, the monolithic CAS was investigated for 
evidence of this behaviour. Figures 5.18 a & b  provide a comparison of the subsurface 
fracture patterns in monolithic CAS, after indentation in air and in an aqueous 
environment, respectively. It is clear from these figures that CAS is indeed susceptible 
to static fatigue in extreme conditions. The examination of these effects without 
introducing artefacts was facilitated by CSLM, which avoided the more frequently used 
aqueous destructive techniques.
5.4 DISCUSSION OF CAS/NICALON COMPOSITE 
BEHAVIOUR
The fracture pattern resulting from indentation parallel to the fibre direction, is 
summarised schematically in Figure 5.19. A comparison of this figure with Figure 2.2 
reveals, unsurprisingly, that there are a number of differences between indentation 
fracture of monoHthic and composite materials.
In § 2.2.3 a number of possible "radial"-type crack morphologies were discussed. The most 
common manifestation of this system in soda-lime glass is the half-penny shaped median- 
radial crack. Cook and Pharr (1990) argued that there was little evidence to support any 
generahty of this configuration in any other materials. Lawn (1993) suggested that the 
more surface-specific elliptical radial cracks and the median-radials are two extremes of 
the same system, connected by contact conditions such as load. The cracks observed in 
the CMC appear to be radial in nature, being restricted to a region of material which is 
in close proximity to the free surface. If median-radial cracks are at the opposite end of 
the loading scale, it should be possible to introduce cracks that become progressively semi­
circular in nature, with increasing indentation load. Mechanical sectioning studies of 
indentations introduced over a load range 50 g to 20 kg, revealed that the cracks remained
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surface-specific. It is apparent that the energy required for the propagation of radial 
cracks into the specimen is being directed to some other part of the indentation system. 
It was observed that fibres below the indentation were fractured and depressed into the 
matrix. Furthermore, Figure 5.7 demonstrates fibre/matrix debonding at a depth of 
approximately 2 micrometres below the impression surface. It is likely, therefore, that the 
processes of fibre debonding/Jfracture and subsequent depression into the matrix divert 
energy from "median/radial" crack formation. Conventionally a critical load, P^ , is used to 
define the onset of radial cracking (Lawn and Evans, 1977). Despite the fact that surface- 
specific radial cracks are visible at loads above 300 grammes, they do not develop fully, 
even when loads up to 20 kilograms are applied. This suggests that the available energy 
for radial cracking in the composite never reaches the corresponding critical value for 
radial fracture of the matrix, U^. It may never receive this energy due to the 
aforementioned energy sinks.
Topographical analysis revealed the protrusion of fibres relative to the matrix around the 
contact impression. Reference to the analytical model in Chapter 4 reveals that the fibres 
are in axial compression, whilst the matrix is in a residual tensile state. Disruption of the 
fibre/matrix interface would result in partial relief of these stresses, leading to movement 
of the fibre relative to the matrix. This subsidiary debonding provides another means for 
diversion of energy firom the formation of cracks. However, the contribution of this 
mechanism is likely to be relatively small in comparison to the energy used in fibre 
breakage and permanent recession into the matrix. In view of the operation of these 
processes in the composite, it is inappropriate to apply any of the indentation fracture 
toughness models (§ 2.2.5), which have been developed for monolithic ceramics, to the 
composite system.
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The analytical model derived in Chapter 4 predicted that the residual tensile axial stresses 
in the matrix increased with fibre volume fraction. It is anticipated that these stresses will 
combine with the residual stress components in Equation 2.5 to promote the initiation and 
propagation of lateral cracks. The results presented in this section are entirely consistent 
with this hypothesis, in that the lateral cracks tend to form in regions of relatively high 
local fibre volume fraction. The study in § 5.2.2.4.II provides quantitative data to support 
this observation. It is apparent that the area of the lateral crack is directly proportional 
to segment subtended at the centre of the indentation by two or more fibres (which 
bound the crack). In other words, the lateral cracks grow out to, and are bound by, 
neighbouring fibres. At least two fibres are required before the superposed residual stress 
fields are sufficient to cause lateral cracking. Further, there is a critical distance between 
the centre of the indentation and the nearest group of fibres (radius of interaction), above 
which there is no likelihood of lateral crack formation. This radius of interaction is 
sensitive to load, such that the lower the indentation load, the smaller is the minimum 
distance between the indentation and nearby fibres required for the formation of lateral 
cracks. Evidently, this has implications for the size of lateral cracks, since a smaller 
distance between indenter and fibres means a diminished segment bound by fibres. The 
size of lateral cracks is, therefore, sensitive to the indentation load and residual stresses 
which, in turn are a function of the local fibre volume fraction. This argument is 
complicated, however, by microstructural variations, such that regions of matrix that are 
a significant distance from fibres are inherently more resistant to fracture events. Indeed, 
the microstructure and hardness behaviour" of these areas of the composite is analogous 
to monolithic CAS. Consequently, unless stated otherwise, this study has avoided 
sampling these matrix-rich regions.
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"Hot hardness" experiments conducted using monolithic ceramics (§ 2.2.6.4) have shown 
a decrease in hardness with increasing temperature. Consequently, plastic flow is observed 
to increase with temperature. The residual elastic stresses that result from this plastic 
flow lead to lateral fracture. Therefore, increasing the temperature is likely to result in 
increased incidence of lateral cracking in monolithic ceramics. Figure 5.20 is a CSLM 
colour-height map of a 1 kg indentation introduced into monolithic CAS at 900 K  
Comparison of this image with Figure 5.18a reveals that at this temperature there is an 
increase in the amount of plastically deformed material, with an associated greater 
incidence of lateral and radial fracture in monolithic CAS. This trend is in contrast to the 
observed "hot hardness" behaviour of CAS/Nicalon, where lateral fracture decreased with 
increasing temperature. This may be rationalised by the hypothesis that above 
approximately 700 K, the temperature induced relief of residual thermal stresses is more 
significant than the elastic stress increase arising from any increased plastic flow. This is 
desirable behaviour in a material to be used in a jet propulsion unit, where the component 
will be impacted at elevated temperatures.
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5.5 COMPARISON OF INDENTATION BEHAVIOUR OF 
CAS/NICALON WITH BMAS/TYRANNO
5.5.1 INTRODUCTION
The association of lateral cracking with fibre-rich regions was shown in § 5.2 to be 
consistent with the analysis of residual thermo-elastic stresses in CAS/Nicalon. It is 
necessary for completeness, however, to verify experimentally model predictions for a 
composite system with a CTE mismatch in the opposite sense to that of CAS/Nicalon. 
Consequently, this section compares the dependence of lateral cracks on fibre volume 
fraction for CAS/Nicalon with BMAS/Tyranno. Analyses of indentations introduced 
parallel to the fibre direction in a unidirectional BMAS/Tyranno sample produced clear 
evidence of complete loss of matrix in the vicinity of the indenter, this being due to the 
fact that the matrix consists of a number of phases, each with significantly different CTEs. 
The poor qualify of this material makes it unsuitable for this study and it was necessary, 
therefore, to use the cross-ply material (§ 3.4.3.2). Indentations were introduced parallel 
to the fibres in the 0° pUes. Matrix-rich regions were not tested because microstructural 
analysis revealed that they consisted of approximately 50 % hexacelsian, which possesses 
a CTE that is considerably greater than that of Tyranno fibres.
5.5.2 RESULTS AND DISCUSSION
The secondary electron images in Figure 5.21 show indentation sites (300 g) in 
CAS/Nicalon and BMAS/Tyranno composites respectively.
The appearance of radial cracks emanating from the apices of the indentation impression 
is common to both composite systems. There is a marked difference, however, between 
matrix behaviour in fibre-rich regions of CAS/Nicalon and similar regions in 
BMAS/Tyranno. The nature of these differences is demonstrated by colour-height maps 
of the same indentations in Figure 5.22. Figure 5.22a reiterates the earlier observation 
that lateral cracks in the CAS/Nicalon system are associated with fibre-rich regions. This
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is in contrast to the BMAS matrix behaviour in Figure 5.22b where the presence of fibres 
appears to inhibit the formation of lateral cracks.
Topographical reconstructions in the vicinity of indentation impressions (Figures 5.13 and 
5.23), highlight another dissimilarity between the two systems. Those fibres which 
surround the impression in CAS/Nicalon protrude relative to the matrix, whereas similarly 
sited fibres in BMAS/Tyranno are depressed relative to the matrix.
Comparison of residual stresses in the two systems reveals, unsurprisingly, that inversion 
of the CTE mismatch results in a reversal of stresses (Figures 4.14 and 4.5). In the 
BMAS/Tyranno cross-ply material it is assumed that the presence of 90“ plies will reduce 
the magnitude but not alter the sign of these predicted stresses. Lateral cracks are 
believed to form during the unloading part of a contact cycle as a result of the residual 
stress field. This will include a contribution from internal stresses prior to loading. The 
results presented here are consistent with this hypothesis, i.e. lateral cracking in these two 
systems is sensitive to the nature of the residual axial stresses. In CAS/Nicalon, the lateral 
cracks form preferentially in regions of fibre-rich matrix, which are predicted to have a 
local tensile axial stress. Similar regions in BMAS/Tyranno, however, are in a state of 
residual axial compression and, consequently, lateral cracking is not observed. Another 
damage event resulting from the loading/unloading sequence is disruption of a number of 
matrh/fibre bonds in the vicinity of the contact site. This disruption leads to partial relief 
of residual axial stresses in the fibres and surrounding matrix, characterised by fibre 
movement relative to the matrix. The direction of this movement is dependent on the 
nature of the composite system, e.g. if the CTE of the matrix is greater than that of the 
fibre, the fibre protrudes relative to the matrix, as in CAS/Nicalon, and vice versa in 
BMAS/Tyranno.
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5.6 IMPLICATIONS FOR EROSION
This chapter has highlighted the importance of residual stresses in determining the 
fracture patterns resulting from Vickers profile indentation. If the erosive wear rate scales 
with the area of lateral fracture (Evans et aL, 1978), then the results of these indentation 
studies may be used to predict materials loss in a dynamic multiple particle contact 
situation. It is evident that a material such as CAS/Nicalon, where the CTE of the matrix 
is greater than that of the fibres, will incur significantly greater material loss than a 
material with the opposite CTE mismatch (such as BMAS/I^anno) on account of the 
residual tensile axial stresses in the matrix. This effect will be compounded by a uniform 
fibre distribution (of relatively high fibre volume fraction), since fibre-rich regions of 
matrix have significantly larger tensile axial stresses than their matrix-rich counterparts. 
The observation that elevated temperatures partially relieve these residual stresses 
suggests that the erosive wear rate of materials such as CAS/Nicalon will reduce with 
increasing temperature.
5.7 CONCLUDING REMARKS
In continuous fibre reinforced CMCs, the predominant fracture event, resulting from 
quasi-static indentation parallel to the fibre axis is lateral cracking. Radial cracks remain 
surface-specific as a result of energy diverting processes peculiar to the composite.
The lateral cracks have been shown to be sensitive to residual thermo-elastic stresses 
which, in turn, are a function of the local fibre volume fraction. In systems where the 
CTE of the matrix is greater than that of the fibre, the formation of lateral cracks is 
promoted in regions of relatively high local fibre volume fraction. In systems where the 
CTE mismatch is in the opposite sense, laterals tend to be inhibited by these regions of 
high local fibre volume fraction. Moreover, a contact event leads to local disruption of 
fibre/matrix interfaces. This phenomenon is manifest as fibre movement relative to the
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matrix, the direction of which is dependent on the sense of the CTE mismatch.
Residual thermal stresses, therefore, play a key rôle in determining the nature of local 
damage in continuous fibre reinforced CMCs. Lateral crack damage, in CAS/Nicalon, will 
be limited by the use of elevated temperatures and/or low fibre volume fraction. 
Alternatively, damage will be minimised by the use of a composite system where the CTE 
of the fibre is greater than that of the matrix. This latter situation has not been realised 
fully by BMAS/Tyranno on account of the numerous phases in the matrix, arising from 
processing difficulties.
In addition to residual thermal stresses, the inclusion of fibres modifies the microstructure 
of the glass-ceramic matrix. In the case of CAS/Nicalon, this has the effect of reducing 
the local toughness of matrix material in close proximity to fibres.
Comparison with mechanical sectioning has shown CSLM to be an accurate, rapid, non­
destructive technique for the evaluation of sub-surface cracking in these materials.
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Figure 5.1 Indentation Size Effect (ISE) plot for the matrix CAS material The 
gradient of approximately 2  indicates that the hardness is effectively insensitive to
indentation size.
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Figure 5.2 Graph o f hardness variation with number of fibres contacted in 
CAS/Nicalon (indentation load was 1 kg).
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Figure 53  Secondary electron photomicrograph depicting a 5 kg indentation. Note the 
presence of both radial and lateral crack systems as well as fibre debonding 
and fibre depression into the matrix.
Figure 5.4 Secondary electron photomicrograph detailing one of the cracks emanating 
from an apex of the indentation depicted in Figure 5.3.
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Figure 5.5 (a) Secondary electron photomicrograph revealing fibre fracture surfaces 
at a depth of approximately one fibre diameter below the indentation surface. 
The sample was prepared by leaching away the CAS matrix from an area which
contained a 10 kg indentation.
(b) Backscattered electron photomicrograph depicting the region shown
in Figure 5.5(a).
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Figure 5.6 Sequence of reflected light photomicrographs taken at increasing depths (0, 
1.5, 5 & 11.5 micrometres) through a region of material with a 1 kg indentation. Evidence 
of fibre/matrix debonding and radial cracking is clearly restricted to a near-surface layer. 
Note the presence of laterals in the fibre-rich area.
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Figure 5.7 (a) Secondary electron photomicrograph demonstrating debonding at the 
fibre/matrix interface at depth of approximately 2 pm below the indentation surface.
(b) Magnified feature of Figure 5.7(a).
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Figure 5.8 Sequence of reflected light photomicrographs taken at increasing 
depths through a region of material with a 1 kg indentation:
(a) 1 pm; (b) 3 pm; (c) 4 pm; (d) 5 pm; (e) 6 pm; (1) 7 pm.
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>
Figure 5.9 Through-focus CSLM image of the region around the Vickers profile 
indentation characterised in Figure 5.8.
%  '
Figure 5.10 Colour coded contour map of the region around the indentation
characterised in Figure 5.8.
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Figure 5.11 Schematic distribution of a lateral crack/fibre distribution analysis in
CAS/Nicalon.
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Figure 5.12 A  summary o f data acquired from lateral crack/fibre distribution analyses
over a range of indentation loads.
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Figure 5.13 A surface profile of the region around a Vickers profile indentation in
CAS/Nicalon.
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Figure 5.14 A set of CSLM colour-height maps displaying the damage introduced by
1 kg indentations at temperatures of: (a) 500 K; (b) 700 K; (c) 900 K.
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Figure 5.14 A set of CSLM colour-height maps displaying the damage introduced by
1 kg indentations at temperatures of: (a) 500 K; (b) 700 K; (c) 900 K.
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Figure 5.15 Reflected light photomicrograph (recorded through crossed-polars) 
of two Vickers profile indentations in CAS/Nicalon. The bright regions 
correspond to the fine-grained matrix-rich regions discussed in § 3.4.2.2.
Figure 5.16 CSLM colour-height map of preparation damage in the 90" plane of a 
unidirectional CAS/Nicalon composite.
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Figure 5.17 Indentation Size Effect (ISE) plot for monolithic CAS m aterial
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Figure 5.18 CSLM colour-height maps recorded around Vickers profile indentations 
introduced in: (a) air and (b) aqueous environments.
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Figure 5.19 Schematic summary of the fracture events introduced into CAS/Nicalon 
composites by indentation parallel to the fibre axis.
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Figure 5.20 CSLM colour-height map of a 1 kg indentation introduced into monolithic
CAS at 900 K.
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Figure 5.21 Secondary electron images of 300 g Vickers profile indentations in: 
(a) CAS/Nicalon and (b) BMAS/Tyranno.
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Figure 5.22 CSLM colour-height maps of the indentations characterised in Figure 5.21.
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Figure 5.23 A surface profile of the region around a Vickers profile indentation in
CAS/Nicalon.
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PARTICLE IMPACT
6.1 INTRODUCTION
The elastic-plastic erosion models, discussed in § 2.4.3, are based on the hypothesis that 
each particle contact is analogous to that due to a hard sharp rigid indenter. 
Consequently, it should be possible to utilise the data acquired in Chapter 5 to predict the 
erosive wear behaviour of CMCs. However, certain features of the indentation fracture 
patterns observed in monolithic ceramics have been found to be sensitive to dynamic 
effects. It is not unreasonable, therefore, to speculate that similar artefacts will occur in 
CMCs, when the contact event contains a dynamic component. This possibility has been 
addressed in the present study by employing single particle impact experiments and 
comparing the resulting fracture patterns with those observed in Chapter 5.
The final section of this chapter examines multiple particle effects, i.e. erosive wear. 
Predictions of erosive wear rate, on the basis of quasi-static indentation and single particle 
impact analyses, are compared with experimental results. Damage mechanisms arising 
from erosive wear are compared also with quasi-static indentation and dynamic single 
particle impact studies and conclusions are drawn about the applicability of the latter 
techniques to the study of erosive wear in CMCs.
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6.2 SINGLE PARTICLE IMPACT
6.2.1 NICKEL SUPERALLOY
The nickel superalloy, characterised in § 3.4.4 was impacted by 80 pm diameter Al^O  ^
spheres, normal to the specimen surface. This test was performed to compare the impact 
data from CMCs with a material which is "in-service" currently in gas turbine units. An 
example of an impact site, at 200 m s'\ in this material is given in Figure 6.1. These take 
the form of spherical cap impressions, derived from the shape of the impacting particle. 
Increasing the velocity results in a greater amount of plastic deformation and hence larger 
craters.
6.2.2 MONOLITHIC CAS
A colour-height map of a 200 m s'^  impact site in monolithic CAS is depicted in 
Figure 6.2. This image illustrates a lack of radial and lateral fracture events at this 
velocity. This deficiency of fracture mechanisms is consistent with observations, in 
Chapter 5, of quasi-static indentation in monolithic CAS. Consequently, it is apparent 
that dynamic artefacts are not introduced in the unreinforced material at particle velocities 
less than approximately 2 0 0  m s‘l
6.2.3 CAS/NICALON
6.2.3.1 Impact parallel to the fibre direction
Figure 6.3 comprises secondary electron images of post-impact specimen surfaces. The 
fragmentation depicted in Figure 6.3 a has resulted from impact at a velocity of 50 m s'\ 
It is evident that the particle at the centre of the field of view has cleaved approximately 
along its equator. In general, however, there appears to be only minor fragmentation of 
the erodent at this velocity. Figure 6.3b depicts a significantly greater amount of particle 
fragmentation, resulting from an impact velocity of 2 0 0  m s'l
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The aforementioned debris was removed by ultrasonic cleaning in methanol and the dried 
specimens were re-examined using SEM (Figure 6.4). Figure 6.4a details specimen 
damage arising from a single particle impact (projected at a velocity of 50 m s'^ ). Those 
fibres that were beneath the impacting particle remain recessed relative to the surface of 
the specimen, whilst those fibres around this contact site protrude relative to the matrix. 
Furthermore, the fibres to the north east of the impact site are bridged by cracks oriented 
perpendicular to the specimen surface. Examination of the damage resulting from a 
200 m s ‘ impact (Figure 6.4b) reveals that significantly more fibres (relative to 
Figure 6.4a) are recessed relative to the surface as a result of direct particle contact. 
Accordingly, there are significantly more fibres, around the contact site, that protrude 
relative to the matrix. There is a greater incidence of cracking also between fibres in the 
vicinity of the impact.
Specimens that had been subjected to single particle impact were sectioned mechanically, 
as described in § 5.2.2.3. A  series of reflected light photomicrographs of a 200 m s'^  
impact site is given in Figure 6.5. The first photomicrograph in the sequence was 
recorded at a depth of 1  pm from the original free surface (z = 1  pm). Even at this 
shallow level, many of the cracks visible at the original surface have disappeared, giving 
an indication of their surface specific nature (c.f. § 5.2.2.3). There is, however, clear 
evidence of lateral cracking around fibres that were beneath the impacting particle. On 
progressing further through the specimen (Figures 6.5b-f), there is no further trace of 
cracls bridging fibres, although each section contains information pertaining to lateral 
crack behaviour. The colour-height map in Figure 6 , 6  provides a more complete 
observation of the incidence of these lateral cracks. Consideration of this image, in 
conjunction with CSLM analyses of a number of other impact sites, has shown that, in 
common with quasi-static fracture, the lateral cracks are associated with regions of matrix 
with a relatively high local fibre volume fraction.
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The application of a film of gold to the specimen surface permitted topographical 
characterisation by CSLM. Figures 6.7a and b represent isometric projections of surfaces 
impacted by particles projected at 100 and 200 m s '. These montages provide additional 
information (compared with secondary electron images) about fibre movement relative to 
the surrounding matrix. It is apparent that fibres adjacent to the impact site protrude by 
as much as 1  pm, whilst those fibres at the centre of the impact site are recessed relative 
to the specimen surface. The amount to which each set of fibres has been displaced 
increases with impact velocity.
6.2.S.2 Impact perpendicular to the fibre direction
Figure 6 . 8  is a typical colour-height map of the damage associated with a 200 m s ' impact 
perpendicular to the fibre direction. It is apparent that a portion of one of the fibres 
beneath the particle contact site has been fractured and levered out of the specimen 
during the impact process. Neighbouring fibres, however, remain within the composite 
material. There is a considerable amount of sub-surface damage associated with the 
impact.
Specimen preparation damage, however, complicates interpretation of such damage sites. 
Figure 5.16 was recorded from an as-pohshed surface, demonstrating the nature of this 
pre-existing damage. It is likely that during preparation, the fibre at the centre of 
Figure 5.16 was fractured and one end was levered out of the specimen. Further, the 
action of this fibre leverage appears to have introduced sub-surface lateral cracks into the 
surrounding matrix. A  suitable means for delineating preparation damage from impact 
fracture would entail impacting a well characterised region of specimen. The nature of 
the single particle impact experiments does not allow for this precaution since the area 
over which the impact occurs is too large to characterise adequately.
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6.2.4 BMAS/TYRANNO
It was discussed in § 3.4.3 that the BMAS matrix was subject to processing difficulties, 
resulting in multiple phases. In order to characterise material containing primarily barium 
osumilite, it was necessary to restrict the study to impacts parallel to the 0 ° plies in a 
cross-ply composite. Complications arising from this arrangement precluded a study in the 
same detail as that used for CAS/Nicalon. It was possible, however, to observe the 
sensitivity of lateral cracks to the local fibre volume fraction, using CSLM colour-height 
maps. Figure 6.9 represents a typical 200 m s ' impact site. In contrast to CAS/Nicalon, 
lateral cracks in BMAS/Tyranno are inhibited by regions of relatively high local fibre 
volume fraction. Indeed, lateral fracture occurs preferentially in relatively matrix-rich 
regions such as the band to the north in Figure 6.9.
6.2.5 COMPARISON OF SINGLE PARTICLE IMPACT AND INDENTATION 
FRACTURE OF CMCS
6.2.5. 1  Composite behaviour
Comparing the results presented in § 6.2.3 and § 6.2.4 with those in Chapter 5, it is 
evident that there are a number of similarities between fracture patterns introduced by 
quasi-static indentation and single particle impact. Considering initially the CAS/Nicalon 
system, it is clear that surface cracks oriented perpendicular to the specimen surface exist 
in both contact situations. Moreover, in both cases these cracks are surface specific, 
presumably as a result of contact energy being diverted to other damage mechanisms 
(such as fibre debonding/fracture and subsequent permanent depression into the 
composite). Another feature of damage to the composite which is common to both 
loading systems is observed as fibre protrusion relative to the matrix. This effect is likely 
to result from stress waves (arising from contact) disrupting local fibre/matrix bonds and 
the subsequent relief of residual thermo-elastic stresses in the fibres and surrounding 
matrix. This fibre protrusion is accentuated by an increase in the impact 
velocity/indentation load.
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A  comparison of impact/indentation fracture patterns for CAS/Nicalon with those for 
BMAS/Tyranno reveals that lateral crack initiation and growth is dependent on residual 
thermo-elastic stresses. The sensitivity of lateral cracks to local fibre volume fraction is 
the same for impact as quasi-static indentation, i.e. in CAS/Nicalon laterals grow towards 
fibre-rich regions (zones of relatively high tensile matrix axial stress); the converse is true 
for BMAS/Tyranno where both dynamic and quasi-static contact introduce lateral cracks 
that are inhibited by regions of high fibre volume fraction (zones of relatively high matrix 
compressive stress) and grow preferentially in matrix-rich areas.
6.2.5.2 Estimation of maximum impulse load
This section attempts to provide a simple quasi-static approximation for the impulse load 
of an impacting particle. It is envisaged that this analysis may be used to approximate 
dynamic contact in terms of quasi-static indentation.
Reference to § 2.3.3 reveals that the two primary analyses of single particle impact in the 
elastic-plastic regime employ analogies with quasi-static fracture. The primary difference 
between these analyses is the method in which the maximum impulse load, is 
approximated. Wiederhorn and Lawn (1979) assume that a proportion of the kinetic 
energy of the particle is used to create plastic deformation work, such that P,^  is given by 
Equation 2.20 (note that this has been formulated for a conical particle). This approach 
is applicable to upper bound solutions for full penetration of the impacting particle. 
Furthermore, this mode of analysis is pertinent only to soft materials and rigid particles; 
and conditions for which the energy in elastic waves (displayed by scattering at surfaces, 
etc.) is a small fraction of the plastic work. Clearly these assumptions are erroneous when 
considering ceramics impacted with rigid particles. Alternatively, the analysis of 
Evans et al. (1978) used a dynamic analogue, the resulting expression for P^ , being given 
by Equation 2.22. Evans (1979) remarked that any analytical penetration solution will be 
deficient on account of a local heating effect during impact. The plastic work expended
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during penetration will increase the temperature of material in the vicinity of the plastic 
zone. This effect is likely to be prevalent in ceramic materials where the plastic work 
expended per unit volume is relatively large (by virtue of a large plastic flow stress), the 
heat conduction rate from the plastic zone is relatively low and the flow stress is highly 
temperature and strain rate sensitive.
The approach of Evans et al. (1978) is likely to be the more appropriate at relatively high 
velocities on account of the dynamic nature of the analysis. There is some concern, 
however, over the assumption that the particle penetrates into the target surface without 
distortion, thereby negating any hardness effects. Therefore, a variant of the more 
tractable analysis of Wiederhorn and Lawn (1979) is utilised here to provide approximate 
values of The inconsistency of the assumptions in view of the properties of the CMCs 
mean that the analysis will be truly upper bound, useful solely for order of magnitude 
predictions.
Figure 6.10 is a schematic of the contact event for a spherical particle. The particle has 
a radius, R, contact radius, a^ and penetration depth, z. In the quasi-static approximation 
(no inertial forces) the particle contact force, P^ , balances the tractions exerted by the 
target material and:
P. = %alH (6-1)z
However, using simple geometry:
ÜR = 2Rz -  7?
For relatively shallow penetration, higher powers of z may be ignored. Consequently,
substituting (6.2) into (6.1):
P, = lr.ERz (6.3)
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Assuming that the plastic work done is a fixed fraction, y, of the kinetic energy of the 
particle:
(6.4)
where is the density and v is the velocity of the eroding particle. 
Substituting (6.3) into (6.4) and integrating:
2PpY (6.5)
( ;
Finally, (6.5) is substituted into (6.3) to obtain an expression for
VfSppY gf (6.6)
According to Equation 6 .6 , the peak load scales with the impact velocity, the square of 
the particle radius and the square root of the hardness of the target material. It is 
apparent, therefore, that increasing any of the aforementioned variables will result in an 
increase in the peak load. The linear relationship between P^ , and v is of particular 
interest since it implies that an increase in the particle velocity will have a similar effect 
to an increase in indentation load.
There are, however, two major difficulties in the evaluation of Equation 6 . 6  for CMCs, 
i.e. assigning values to H and y. Whilst the hardness of monolithic CAS is relatively 
constant (§ 5.3.2), the hardness of the composite is dependent on the number of fibres 
beneath the indenter (§ 5.2.1), varying between approximately 400 and 775 kg mm'  ^ (c.f. 
Figure 5.2). Correspondingly, the transfer coefficient, y, is unknown also. In the ideal 
case, where all of the particle energy is expended as plastic work, y will assume a value 
of 1. However, particle fragmentation and elastic wave propagation, as well as energy
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dissipating mechanisms peculiar to CMCs (Chapter 5) will divert kinetic energy from 
plastic work done and, consequently, y will be significantly less than 1 . Considering the 
significant particle fragmentation observed at relatively high velocities, an arbitrary value 
of 0.75 has been assigned to y for the case where no fibres are contacted. Considerably 
more kinetic energy will be dissipated in CMCs by processes such as fibre 
debonding/fracture and, consequently, a value of 0.5 has been attributed arbitrarily to y 
in this instance.
Substituting y = 0.75, H = 775 kg mm^, = 3.97 x 10^  kg m'^ , R = 40 pm and 
V = 2 0 0  m s'^  into Equation 6 .6 , a value for the maximum impulse load (in CAS/Nicalon, 
where no fibres are impacted) of approximately 2.5 kg is obtained, which is an upper 
bound prediction. When considering a 200 m s'^  impact in a fibre-rich region of a 
CAS/Nicalon composite, however, the "hardness" will be considerably lower than that 
observed in the monolithic material (a lower bound value of 400 kg mm^ is assumed 
here). Substituting these into Equation 6 .6 , one obtains a value for of the order of
1.5 kg. Consequently a 2 0 0  m s ‘ impact will exert a similar (impulse) load to a
1.5 - 2,5 kg quasi-static indentation. The similarities between fracture patterns observed 
in Figure 6 . 6  and those associated with a 1 kg Vickers profile indentation reveal that 
Equation 6 . 6  provides a prediction for the maximum impulse load within an order of 
magnitude. However, the analytical penetration solution is an approximation, providing 
an upper bound for impact by spheres and not Vickers pyramids.
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6.3 PREDICTIONS OF EROSIVE WEAR
6.3.1 INTRODUCTION
Existing models used to predict erosive wear of monolithic ceramics (in the elastic-elastic 
regime) (§ 2.3.4) are in disagreement over the dependence of wear rate on target 
parameters such as hardness. In Chapter 5, it was shown that the hardness of a CMC is 
a relatively indeterminate property. In view of these facts, it is unlikely that existing wear 
rate analyses will be applicable to CMCs. Consequently, an empirical approach based on 
lateral crack studies has been employed here.
Multiple particle studies by Evans et a l (1978) indicated that there is little interaction 
between lateral cracks from adjacent impacts. In this instance, the erosion rate is a 
summation of the prospective material removal per impact. The authors attributed a 
variable, %, to the fraction of the volume encompassed by the zone of lateral fracture that 
is removed per impact. This Jfraction was thought to include contributions from the actual 
impact event that created lateral firacture, and from elastic stress waves produced by 
subsequent impacts. If the volume encompassed by the zone of lateral fracture is a known 
function of the loading characteristics then it is possible to predict approximately the 
erosive wear rate.
Examination of the indentation data for CAS/Nicalon in § 5.2.2.4.II reveals that the area 
of lateral cracking is proportional to the local fibre fraction. Furthermore, it is apparent 
that, for a particular load, a critical distance between the indentation impression and the 
fibres exists, beyond which there is no lateral fracture. § 6 . 2  concludes that indentation 
fracture exhibits similar trends compared with damage introduced by single particle impact. 
Consequently, a number of bounds have been proposed to describe wear as material loss 
through overlapping indentation sites. From the aforementioned discussion, these bounds 
will be dependent on the energy imparted by the impact event and also the local fibre 
volume fraction. These bounds assume a value for % of unity (i.e. all of the material
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associated with the lateral cracks contributes to wear) and a fibre volume fraction of 0.34.
6.3.2 CONSIDERATION OF THE EFFECT OF FIBRE DISTRIBUTION ON 
MATERIAL REMOVAL
6.3.2.1 An upper bound approximation
Figure 6.11 is a schematic of a possible fibre arrangement which would lead to an upper 
bound wear rate prediction. If the indentation load/particle velocity exceeds a critical 
value, a particle contact at any one fibre will result in lateral cracks which grow out to, 
and are bound by, neighbouring fibres. In a situation where there is at least one contact 
per fibre, the resulting overlap of lateral craclœ will result in complete loss of matrix to 
the depth of the lateral cracks, h.
Figure 6.12 provides a secondary electron image and a CSLM colour-height map of four 
300 g indentations in a fibre-rich region of CAS/Nicalon that is similar to the fibre 
arrangement proposed in Figme 6.11. It is evident from these images that the matrix 
material, bound by the indentations, has been removed to approximately the depth of the 
lateral cracks. The upper bound analysis does not, therefore appear to be unreasonable.
6.3.2.2 Lower bound approximations
On account of the laminar nature of the composites, there are discrete bands of fibre-rich 
material interspersed with matrix-rich zones. Figure 6.13 depicts an extreme case of this 
fibre/matrix segregation. Particle contacts within the fibre-rich rafts of this model 
composite will result in loss of the surrounding matrix material. Material loss within the 
matrix-rich rafts, however, will depend on the load/velocity and proximity of the contact 
to the fibre rafts (c.f. § 5.2.2.4.II).
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Figure 6.14 illustrates this point, such that the three indentations placed within the matrix- 
rich region are beyond the radius of interaction. In this instance few lateral cracks have 
formed and, consequently, there will be no loss of material. The indentations in 
Figure 6.15, however, are within the radius of interaction and there has been loss of 
material. The schematic in Figure 6.16 is an illustration of this argument taken to its 
extreme whereby the indentation load is such that the radius of interaction encompasses 
the entire matrix-rich raft and all of the matrix material is removed. An example of this 
mechanism is given in Figure 6.17
If the aforementioned predictions are "scaled-up" to multiple particle contact (i.e. erosion), 
it might be hypothesised that, in the lower bound, there will be a "core" wear rate derived 
from loss of material in the fibre-rich rafts. In addition to this primary material loss, there 
will be also a contribution from the matrix-rich raft which is dependent on the contact 
load/erodent velocity. The larger the energy imparted to the specimen by the impacting 
particle, the greater will be the radius of interaction and, accordingly, the higher the wear 
rate.
6.3.3 UPPER BOUND PREDICTION FOR EROSIVE WEAR 
It is apparent, from the previous section, that a uniform fibre distribution will be more 
susceptible to complete loss of matrix material (with the ensuing loss of fibres) than a 
layered structure of fibre-rich rafts interspersed with matrix-rich regions. The geometric 
arrangement of a uniform array of fibres will affect the critical load/erodent velocity 
required to effect the upper bound regime, such that a hexagonal array (as depicted in 
Figure 6.11) will require a slightly lower load/velocity than a square array. However, 
assuming that the contact imparts sufficient energy to the system, a contact at each fibre 
end would be sufficient to cause overlap of all lateral cracks, thereby leading to complete 
loss of matrix material. It is possible, therefore, to use this information to calculate the 
minimum number of particles required to cause complete loss of matrix material.
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The minimum number of particles (projected at a super-critical velocity), required to cause 
complete loss of h pm of material will be equivalent to the number of fibres. Assuming 
a square array of fibres (which, in common with Figure 6.11, will lead to an upper bound 
wear rate), the number of particles required per unit area, Np, will be:
(6-7) ;lua I
where v^  is the fibre volume fraction and a is the fibre radius.
Consequently, the required total mass of erodent, M^ , will be the product of Equation 6.7 
and the mass of an individual particle:
M, = (6.8)
where R is the radius of the impacting particle and Pp is the particle density.
If this mass of erodent results in the loss of h pm of matrix material, it is unlikely that the 
fibres will remain intact when unsupported (c.f. § 5.2.2.2). Consequently, it has been 
assumed that fibre ends are removed at the same rate as the surrounding matrix, such that 
the mass loss of composite per unit area, M ^ , will be:
Komp = + (1 “ Vf)p'”] (6-9)
Dividing (6.9) by (6 .8 ), one obtains an expression for the composite wear rate, W ^ (in  
terms of mass lost from composite/mass of erodent):
 ^ 3a" /.[vy + (1 -  Vf)pl (6.10)
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The material loss depicted in Figure 6.12 resulted from 300 g Vickers profile indentations. 
It is apparent that this load was close to the critical required for upper bound material 
loss. The use of relatively larger indentation loads will increase the depth to which 
material is removed (i.e. h will be increased), whereas a lower load may lead to zero 
material loss. Examination of a number of indentation sites similar to Figure 6.12, 
however, suggests that a typical value for h, at the critical load, will be 4 pm. Substituting 
previously stated CAS/Nicalon properties (Table 4.1) into Equation 6 .1 0 , one obtains, at 
the critical load/velocity, a composite wear rate of 4.9 mg g'^  of erodent.
6.4 EROSIVE WEAR STUDIES
6.4.1 INTRODUCTION
This section presents experimental results obtained from erosion of CAS/Nicalon (at 
velocities of 40 and 80 m s'^ ) and the nickel superalloy at 80 m s'\ and compares them 
with the wear rate predictions made in § 6.3.3.
6.4.2 EXPERIMENTAL RESULTS
The average wear rate of CAS/Nicalon, eroded parallel to the fibre direction at a velocity 
of 80 m s'\ was 3.3 mg g'\ Images of the resulting wear scars are given in Figure 6.18. 
The appearance of the fibres in these photomicrographs suggests that they have been 
removed at a similar rate to the surrounding matrix, since both fibres and matrix are at 
similar heights. An exception to this observation may be found, however, in regions of 
material which are predominantly matrix-rich. These regions have been eroded at a 
considerably lower rate than neighbouring fibre-rich areas.
Figure 6.19 contains an image of a wear scar resulting fiom erosion parallel to the fibre 
direction at a velocity of 40 m s'* (resulting in a wear rate of 0.1 mg g'*). In contrast to 
the images in Figure 6.18, those fibres within the wear scar are recessed relative to the 
matrix surface. Material loss is observed as surface chipping of the matrix and does not
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appear to be sensitive to the local fibre volume fraction.
One CAS/Nicalon specimen was eroded at 80 m s'*, perpendicular to the fibre direction. 
This test was devised to provide only information relating to the mechanism of material 
removal and, consequently, mass loss was not recorded. The images presented in 
Figure 6.20 detail the uneven topography of the wear scar. In common with wear parallel 
to the fibre direction at 80 m s'*, however, it may be seen that matrix-rich regions have 
lost material at a lower rate than neighbouring fibre-rich zones.
The average wear rate of the nickel superalloy, eroded perpendicular to the specimen 
surface, was found to be 0.04 mg g *.
6.4.3 DISCUSSION
It was discussed in § 6.3.2.1. that 300 g was approximately the critical quasi-static load 
required for an upper bound wear rate. Using Equation 6 .6 , this load translates to an 
impact velocity of approximately 40 m s *. Equation 6 . 6  is however, a crude approximation 
and, consequently, this value is used only to provide a lower bound for the critical velocity. 
The observed wear rate at 80 m s'* is consistent with the predicted value in § 6.3.3. It is 
apparent, therefore, that 80 m s'* constitutes a super-critical velocity, such that the wear 
rate is in the upper bound (this is consistent with the estimate of Equation 6 .6 ). The fact 
that the predicted value exceeds the experimental measurement is consistent with the 
model providing for a worst-case scenario. Despite the proximity of the prediction to 
actual results, there are a number of deficiencies in the model which should be taken into 
account. The erodent spheres used in the course of this study had a diameter of 80 pm, 
whereas the average fibre diameter was 15 pm. In regions of relatively high fibre fraction 
it is likely, therefore, that one erodent particle may contact multiple fibre ends, thereby 
decreasing the number of particles required to cause removal of a layer of composite. In 
this instance, the analysis would underestimate the wear rate. This underestimate is likely
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to be offset, however, by particle fragmentation and lower bound effects. Particle 
fragmentation, which was found to be prevalent at relatively high velocities in single 
particle impact experiments, will divert energy from plastic deformation and will, therefore, 
minimise lateral cracking. This will be compounded by the presence of the interlaminar 
matrix-rich regions which, as explained in § Ô.3.2.2., require significantly greater contact 
loads/velocities to cause material loss. Use of image analysis to measure the relative 
proportion of matrix to fibre-rich regions should facilitate an adjustment of the prediction 
to allow for this contribution from the lower bound.
The particularly low wear rate (relative to the predicted upper bound value) exhibited by 
erosion at a velocity of 40 m s'* is indicative of an alternate mechanism of material 
removal. This hypothesis is supported further by images of the wear surface which show 
material loss as surface-specific matrix chipping, which is not sensitive to the local fibre 
volume fraction. Damage to the fibres appears to have been restricted to permanent 
recession of the fibre ends relative to the specimen surface. A  similar effect has been 
observed during indentation and also single particle impact, whereby a fibre below the 
contact is permanently depressed into the specimen.
The increased wear rate of fibre-rich areas relative to matrix-rich regions of composite 
(observed in erosion of both fibre orientations) is consistent with the residual stress 
arguments used to describe the lateral fracture events observed in quasi-static indentation 
and single particle impact. Essentially, the resilience of the bands of matrix-rich material 
is a manifestation of the lower bound wear analysis. The appearance of broken fibre 
ends, approximately parallel to the matrix surface, is consistent with the hypothesis that 
the removal of matrix material to the depth of the lateral crack will result also in loss of 
the broken fibre ends. This observation validates, therefore, the assumption that fibres 
and matrix are eroded at similar rates.
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The wear rate of the nickel superalloy was particularly low when compared with that of 
the CMC under similar conditions. It should be noted, however, that this is not a fair 
comparison between the two materials. Wellinger (1949) determined that the maximum 
wear rate for a ductile carbon steel was at an angle of incidence of approximately 25°. 
Consequently, the superalloy is not being evaluated at its maximum wear rate. Despite 
this, it is evident that the erosion resistance of CAS/Nicalon is inferior in comparison with 
the superalloy.
6.5 CONCLUDING REMARKS
The fracture mechanisms observed in single particle impact of CMCs are consistent with 
those resulting from quasi-static indentation. Both the quasi-static and dynamic fracture 
events contain surface-specific cracks oriented perpendicular to the surface. Similarly, 
both loading mechanisms introduce lateral cracks which are sensitive to residual thermo­
elastic stresses which, in turn, are a function of the local fibre volume fraction. Damage 
to neighbouring fibre/matrix interfaces, manifest in indentation fracture as fibre movement 
relative to the matrix, is observed also as a result of single particle impact. Analysis of 
impact damage perpendicular to the fibre direction in CAS/Nicalon has shown that single 
particle impact provides a more expedient means (than quasi-static indentation) for the 
examination of composite damage in a transverse section. The question of delineating 
preparation damage from impact fracture, however, remains to be resolved. In view of 
the many similarities between quasi-static and dynamic particle contact, it appears 
reasonable to apply data acquired by Vickers profile indentation to situations involving 
particle contact.
Results obtained from erosion studies of CAS/Nicalon parallel to the fibre direction have 
been shown to be consistent with relatively simple predictions of wear rate/mechanisms. 
These predictions were derived from indentation fracture studies and are expected to be 
generic to CMCs where the CTE of the matrix is greater than that of the fibre.
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Figure 6.1 Secondary electron image of a 200 m s'* impact on the nickel superalloy.
Figure 6.2 CSLM colour-height map of the region around an impact site in monolithic 
CAS, introduced by an alumina sphere travelling at 200 m s '.
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Figure 63  Secondary electron images of the debris resulting from impacts on 
CAS/Nicalon composites at velocities of: (a) 50 m s * and (b) 200 m s ’.
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Figure 6.4 Secondary electron images of the damage in CAS/Nicalon composites 
resulting from impacts at velocities of: (a) 50 m s ’ and (b) 200 m s ’.
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Figure 6.5 Sequence of reflected light photomicrographs taken at increasing depths 
through a region around an impact site, introduced by an alumina sphere 
travelling at 200 m s'*. TTie depths from the free surface are;
(a) 1 pm; (b) 3 pm; (c) 4 pm; (d) 5 pm; (e) 6 pm; (f) 7 pm.
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Figure 6.6 CSLM colour-height map of the region around an the impact site in 
CAS/Nicalon characterised in Figure 6.5.
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Figure 6.7 Surface profiles in the region of impact sites arising from a single alumina 
particle travelling at a velocity of: (a) 100 m s ’ and (b) 200 m s ’.
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Figure 6.8 CSLM colour height map of a 200 m s'* single particle impact normal to 
the fibre axis of a unidirectional CAS/Nicalon composite.
10 pm
Figure 6.9 CSLM colour height map of a 200 m s'* single particle impact parallel to a 
0° ply in a cross-ply BMAS/Tyranno impact.
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Figure 6.10 Schematic diagram of target penetration by undeformable spherical
indenter.
%
Figure 6.11 Schematic illustration of a possible fibre arrangement which would lead to
an upper bound wear rate prediction.
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F igure  6.12 (a) Secondary electron image and (b) CSLM colour-height map of four 
300 g indentations in a fibre-rich region of CAS/Nicalon that is similar 
to the fibre arrangement proposed in Figure 6.11.
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Figure 6.13 Schematic illustration of a possible fibre arrangement which would lead to
a lower bound wear rate prediction.
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Figure 6.14 CSLM colour-height map of indentations in a region of material 
similar to that proposed in Figure 6.13. The indentation load is sub-critical 
and, consequently, there is neither material loss nor lateral cracking.
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Figure 6.15 (a) Secondary electron image and (b) CSLM colour-height map of
indentations in a region of CAS/Nicalon that is similar to the fibre arrangement
proposed in Figure 6.13.
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Figure 6.16 Schematic illustration of a possible fibre arrangement/indentation load 
which would lead to complete loss of material within a lower bound fibre arrangement.
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Figure 6.17 (a) Secondary electron image and (b) CSLM colour-height map of a group
of indentations similarly sited to those in Figure 6.16.
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Figure 6.18 Secondaiy electron photomicrographs of erosion damage parallel to the
fibre axis in a CAS/Nicalon composite (erodent velocity was 80 m s ’)
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Figure 6.18 Secondary electron photomicrographs of erosion damage parallel to the
fibre axis in a CAS/Nicalon composite (erodent velocity was 80 m s ’)
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Figure 6.19 CSLM colour-height map of erosion damage parallel to the 
fibre axis in a CAS/Nicalon composite (erodent velocity was 40 m s ’).
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Figure 6.20 (a) CSLM colour-height map and (b) secondary electron image of
erosion damage perpendicular to the fibre axis in a CAS/Nicalon composite
(erodent velocity was 80 m s'^).
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Conclusions And Further Work
EXPLICIT ACHIEVEMENTS OF THIS STUDY
1. Microstructure-property relationships with respect to contact damage in continuous 
fibre reinforced CMCs have been established.
2. A common deformation mechanism in such materials has been identified in 
loading by quasi-static Vickers profile indentation (both at room temperature and 
elevated temperatures), dynamic single particle impact and dynamic multiple 
particle impact. These comparisons were performed using monolithic material as 
a baseline.
3. The effects of fibre distribution on the erosive wear rate have been explained.
4. Quantitative and qualitative studies of localised fracture patterns have enabled 
predictions of the erosive wear behaviour of CMCs to be made.
5. Microstructural procedures for the investigation of contact damage have been 
established.
6 . The applicability of CSLM to the three-dimensional analysis of contact damage 
has been investigated.
7. The importance of residual thermo-elastic stresses in determining the localised 
fracture has been identified and, consequently a model has been developed to 
examine these stresses.
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CONCLUSIONS AND FURTHER WORK
7.1 CONCLUSIONS
The aim of this project was to develop an understanding of the erosive wear behaviour
of continuous fibre reinforced ceramic matrix composites and this has been achieved.
As an outcome of this work, a number of important findings and conclusions have been 
&/V T A ô ie  (3ppo!> n e)
mad^. These are outlined here.
An analytical model of the residual thermo-elastic stresses (which develop as a result of 
mismatch in the CTE between fibres and the surrounding matrix) predicted that cooling 
of CMQ from the fabrication temperature can lead to residual stresses of considerable 
magnitude. Simple calculations coupled with experimental results suggest that these 
stresses will lead to debonding of a portion of the fibre/matrix interface close to a fi-ee 
surface. In the case of a composite such as CAS/Nicalon (where the CTE of the matrix 
is greater than that of the fibre), tensile hoop and axial str esses will develop in the matrix. 
The magnitudes of these stresses are sensitive to local fibre volume fraction such that 
regions of relatively high fibre volume fraction are likely to promote lateral cracking. 
Since erosive wear is dependent on the formation of lateral cracks, this prediction has 
obvious implications for wear behaviour. Consideration of a system such as 
BMAS/ryranno (where the CTE of the fibre is greater than that of the matrix), suggests 
a reversal of the stresses with respect to CAS/Nicalon. In this instance, BMAS/Tyranno 
would be expected to demonstrate improved wear resistance with respect to CAS/Nicalon.
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A study of the damage mechanisms arising in CMCs as a result of Vickers profile 
indentation, parallel to the fibre axis, revealed that the primaiy mode of fracture was 
lateral cracking (radial cracks being restricted to a near-surface region). Microstructural 
analyses of unidirectional CAS/Nicalon composites has revealed that the inclusion of fibres 
modifies locally the microstructure of the CAS matrix. Analysis of this composite system, 
using Vickers profile indentation, showed that the modified regions of matrix have a lower 
resistance to cracking than fine-grained matrix-rich areas. Lateral cracks were found to 
be particularly sensitive to the local fibre fraction. In CAS/Nicalon, lateral cracks formed 
preferentially in regions of relatively high local fibre volume fraction, which were 
predicted to have significant tensile axial stresses. In contrast to this behaviour, lateral 
cracks in BMAS/Tyranno tended to avoid matrix-rich zones, which were predicted to have 
significant compressive axial stresses. This sensitivity of lateral cracks to residual stresses 
(and, in turn, local fibre volume fraction) was highlighted further by hot stage indentation 
analyses of CAS/Nicalon. These experiments revealed that the amount of lateral cracking 
decreased with increasing temperature (a likely result of partial relief of the residual 
stresses). Dynamic single particle impact analyses of the composites did not reveal any 
major deviations firom the fracture patterns observed in quasi-static indentation. It is 
apparent, therefore, that indentation fracture is a valid precursor to the study of a 
dynamic process such as erosive wear. Use of the data acquired from quasi-static 
indentation, facilitated a simple prediction of a worst-case erosive wear rate. The results 
of laboratory-scale erosion testing were found to be consistent with this prediction.
In order to improve the wear resistance of CMCs, it will be necessary to minimise the 
incidence of lateral cracking. In view of the aforementioned conclusions, it is apparent 
that this may be achieved via two different routes. In the first instance, lateral cracking 
may be minimised through the use of a composite where the CTE of the fibre is greater 
than that of the matrix. Alternatively, if a system is required where the CTE of the matrix 
is greater than that of the fibre (to provide adequate load transfer between the fibres and
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the matrix, for example), lateral fracture will be minimised by the use of elevated 
temperatures and/or reduced fibre volume fraction.
7.2 SUGGESTIONS FOR FURTHER WORK
7.2.1 INTRODUCTION
The findings of this work have provided insight into the response of continuous fibre 
reinforced ceramic matrix composites to quasi-static indentation, single particle impact and 
erosive wear. Erosion, however, is a complex process and there is still much to be done 
in this area. As an outcome of this project, four main areas of future work have been 
identified. These are outlined below.
7.2.2 HIGH TEMPERATURE EROSION
This study has used data derived from hot stage indentation in conjunction with an 
analysis of residual thermo-elastic stresses to predict that the erosive wear rate of 
materials such as CAS/Nicalon will decrease with increasing temperature. Further work 
is required to compare these predictions with experimental results, i.e. "hot erosion" tests.
7.2.3 CONTACT PERPENDICULAR TO THE FIBRE DIRECTION
As discussed in § 6.2.2, it was possible to examine single particle impact damage, 
perpendicular to the fibre direction, without complete loss of the fibres within the area 
of contact. However, the resulting fracture patterns were complicated by pre-existing sub­
surface damage resulting from metallographic preparation. Further effort is required to 
overcome this problem.
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7.2.4 EVALUATION OF OTHER COMPOSITE SYSTEMS
It was not possible to characterise the loading response of BMAS/Tyranno to the same 
extent as CAS/Nicalon, on account of the poor quality of the BMAS matrix. In order to 
test fully the hypotheses based on residual stresses, it will be necessary to analyse another 
system where, in common with BMAS/Tyranno, the CTE of the fibres is greater than that 
of the matrix. Lithium alumino-silicate/Nicalon is an example of such a system which 
appears to be relatively free of processing defects and would be, therefore, one of a 
number of materials which may be used to test the generic nature of this work.
7.2.5 COMPARISON BETWEEN QUASI-STATIC INDENTATION AND SINGLE 
PARTICLE IMPACT
Further work is required to try to correlate the quasi-static indentation loads and the 
velocity of particle impact for the composite materials.
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Appendices
Appendix I
CONFOCAL SCANNING LASER MICROSCOPY (CSLM)
A1 INTRODUCTION
A  detailed knowledge of lateral cracks is a pre-requisite for understanding wear behaviour. 
Mechanical removal of material to view subsurface damage, is time consuming and a 
destructive practice which may introduce artefacts. Hence, confocal scanning laser 
microscopy (CSLM) was employed to provide a rapid, non-destructive means of sub­
surface damage characterisation.
This appendix contains a brief review of hterature relating to the operation and 
applications of scanning optical microscopy (SOM, of which CSLM is a subset). This is 
followed by a discussion of the applicability of CSLM to the study of sub-surface damage 
in CMCs.
A2 REVIEW OF THE LITERATURE
A2.1 DEVELOPMENT OF CONFOCAL MICROSCOPY
The confocal microscope is arranged such the source and detector apertures (the latter 
is known as the "confocal pinhole") are located in conjugate focal planes. The first 
published account of a confocal microscope was a patent filed by Minsky (1957). This 
patent referred to a pinpoint of light focused on a specimen. The reflected beam was 
focused onto a pinhole, and light passed by the pinhole was coupled optically to the image 
plane. The image was built up by rastering the specimen, in the x-y plane, past the 
focused light beam, and recording the corresponding intensities on a long persistence 
cathode ray tube.
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In the 1960’s, Petran and Hadravsky (1968), working independently of Minsky, conceived 
a new means for producing confocal scanned images using a Nipkow disc. The disc (with 
holes arranged in Archimedean spirals emanating from the centre and moving outwards 
towards the circumference) was broadly illuminated and rotated at a relatively high 
angular velocity. This had the effect of scanning many spots of light simultaneously over 
the specimen surface, building many images per second. The reflected light was redirected 
to return through symmetrically placed conjugate holes on the other side of the disc, in 
order to provide confocal detection. This "real time" image may be visualised by eye or 
committed to a television camera. The generic term for this technique is tandem scanning 
microscopy (TSM).
In the 1970s, lasers appeared as common point sources of coherent light, prompting work 
on a confocal scanning laser microscope. Sheppard and Choudhry (1977), Wilson and 
Sheppard (1984) and Wilson (1990) developed much of the early theory for these 
microscopes. Many of the current instruments use a high-speed galvanometer to scan the 
laser beam, facilitating image formation in approximately 2 seconds. More recently, some 
manufacturers have introduced "real time" confocal scanning laser microscopes, that 
employ acousto-optic deflectors in preference to the relatively slower galvano-optic 
mirrors. There have been also recent advancements involving the use of red, green and 
blue lasers to provide colour confocal reflection microscopy (Cogswell et al., 1992).
A2.2 PRINCIPLES OF CONFOCAL MICROSCOPY
When a transparent/translucent material is examined by conventional RLM, the image will 
be blurred. The in-focus information is present but the contrast is low because of the 
additional information derived from above and below the focal plane. Tlie confocal 
aperture of a confocal scanning laser microscope, however, blocks light reflected from 
specimen features that are distant from the focal plane of the objective lens (see Figure 
Al, after Shotton, 1989). Thus, regions that are in focus (near the focal plane) appear 
bright, but those areas that are distant from the focal plane appear dark. In this manner 
an optical section, centred about the focal plane of the objective lens and oriented
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perpendicular to the optical axis, is acquired. Consequently, it is possible to obtain clear 
images of surface features of opaque samples, as well as internal features of 
transparent/translucent samples, because defocused light is removed from the image.
In contrast to conventional scanned probe techniques, the image comprises a number of 
specimen volume elements (voxels) as opposed to the more conventional two-dimensional 
picture elements (pixels). The smallest dimensions of the voxel determine the resolution 
of the technique. The resolution of CSLM is anisotropic (Wilson, 1990; shown 
experimentally by Jang et al, 1992) such that a voxel is non-cubic. The transverse 
resolution in a highly corrected apochromatic system (i.e. corrected for three colours 
chromatically and two colours spherically) will be diffraction limited. In this instance, the 
resolving power is described by the following relationship (proposed by Abbé, 1884):
d = (A l)
where d is the minimum distance that the diffraction images of two points in the specimen 
can approach before they can be resolved no longer, X is the wavelength of the incident 
light and NA^ yj is the numerical aperture of the objective lens. Abbé adopted the term 
numerical aperture for the direct comparison of dry, water and oil immersed objectives 
for resolving power:
=  mmu
where n is the refractive index of the medium between the objective and the specimen 
and u is the half angle of the cone of light that is captured by the objective. The upper 
limits for the numerical apertures of objectives is 0.95 for dry lenses, 1.25 for water 
immersion lenses and 1.4 for oil immersion lenses.
The vertical resolution of the voxel is related to the "axial setting accuracy", which was 
defined, by Françon (1961), as the distance that the fine focus is moved before the image 
of an infinitely thin object changes perceptibly:
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f  = (A2)
A  comparison of Equations A l and A2  reveals that both the transverse and longitudinal 
resolutions are directly proportional to X. Consequently, the dimensions of the voxel can 
be reduced by using a lower wavelength of light. Many commercially available confocal 
scanning laser microscopes have two laser light sources, often a 633 nm HeNe and an 
argon ion laser (with 488 and 514 nm lines). If resolution is the only issue in viewing a 
specimen, the obvious choice would be the 488 nm line. In practice this choice is limited 
often by the need to match the band gap of the specimen to the laser wavelength in order 
to penetrate into the sub-surface, or the use of a particular excitation line in fluorescence 
microscopy.
It is evident also that both resolutions are sensitive to the numerical aperture (the 
longitudinal being more sensitive that the transverse resolution) which should be 
maximised in order to provide the best resolution. From the foregoing discussion of 
numerical aperture, it is apparent that this will be achieved by the use of an oil immersion 
objective. There exist a number of situations, however, where the use of such an 
objective is not feasible; by its very nature, an epi objective will provide a high contrast 
image in comparison to that obtained from an oil immersion lens. Furthermore, one of 
the primary advantages of using CSLM to examine sub-surface fracture the ability to 
exclude artefacts from the image. However, the introduction of an immersion oil could 
introduce potential spurious crack patterns.
The problems encountered when using a dry objective arise from the mismatch in 
refractive index between air and the specimen. There is the possibility of encountering 
interference patterns, this effect increasing with depth into the specimen. The refractive 
index mismatch requires also that depth measurements within the specimen are corrected. 
Simple geometric considerations of the schematic represented in Figure A2 show that 
apparent depth measurements made by CSLM should be multiplied by the refractive
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index of the specimen.
A2.3 CONFOCAL IMAGE PROCESSING
Whilst the acquisition of discrete optical sections has obvious advantages, there will be 
greater interest in a series of images, known as a z-series, taken at specific increments 
across the total depth range of interest. Typically, the z-series optical sections are 
acquired at precise intervals. The proper selection of these intervals, which is based on 
the longitudinal resolution of the optical section, assures the operator that data are not 
missed (Figure A3). The resulting sequence of sections is stored in either video or digital 
memories. Image capture, using a TV camera and video tape is fast and inexpensive. The 
most powerful and common method, however, is computer digitisation of each acquired 
image as an array of pixels. Each pixel has typically 256 grey levels.
There are a number of advanced image processing and analysis systems that can be used 
to process and display a series of optical sections. Both visual and quantitative data can 
be obtained from a series of z-sections, spaced at precise depth increments. A composite 
through-focus image may be used to display simultaneously information from the surface 
and sub-surface of a transparent/translucent material. This mode of display is achieved 
by overlaying pixels of maximum intensity from each optical section. In a translucent 
material, the laser light will be attenuated as it penetrates into the specimen. 
Consequently, the aforementioned processing would result in an image of the surface 
which masks any sub-surface information. The "transparency factor" is an algorithm, 
supplied with most confocal scanning laser microscopes, that is designed to overcome this 
problem by weighting pixel intensity from lower levels, thereby cancelling out attenuation 
effects. In practice, however, this is a particularly time-consuming subjective process, 
which leads to unrepeatable results. A  more satisfactory technique employs gain/offset 
interpolation during collection of the z-series. This is achieved first by setting the gain 
and off-set levels of the photomultiplier at the surface of the specimen. The final optical 
section (within the specimen) is then brought into focus and the gain and offset are 
increased to obtain an image of similar brightness and contrast to that of the surface
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section. These levels are stored by the computer that controls the confocal scanning laser 
microscope which then automatically increments the gain and offset as it collects optical 
sections from within the specimen. The resulting sections are then available to be 
displayed as a composite through-focus image.
An alternative, and potentially more informative, method for displaying through-focus 
information is the colour-height map. In this instance, the brightest pixels at each optical 
section are assigned a colour relating to the depth of the section. In this manner, it is 
possible to display three-dimensional information on one image.
The three dimensional nature of CSLM allows the "on-screen" generation of anaglyphs 
and animation sequences. It is possible also to employ a set of topographic algorithms to 
create isometric projections and provide profilometric and volumetric measurements.
For reviews of these and other imaging modes of confocal scanning light microscopy, the 
reader is directed to Brakenhoff (1979) and Wilson (1989).
A2.4 APPLICATIONS
Confocal scanning microscopy has been applied mainly to medical and biological areas 
(e.g. Brakenhoff et al, 1985; Amos et a l, 1987; Masters, 1992). There has been also 
interest in the application of fluorescence imaging CSLM to the study of paper fibres (e.g. 
Jang et a l, 1992).
The electronics community has shown considerable interest in CSLM for routine failure 
analysis of devices (e.g. Zanoni et al, 1991). The defects are probed with an infra-red 
laser and optical beam induced conduction (OBIC, analogous to electron beam induced 
conduction) is used to provide the signal.
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Workers at the National Physical Laboratory (e.g. McCormick and Gee, 1991) have I
pioneered the characterisation of surface profiles of hardness indentations and wear scars 
in ceramic materials by TSM. They have made extensive use of transputers to implement 
rapid and flexible post-processing of the data.
Knoester and Brakenhoff (1990) have presented a first evaluation of glass-fibre reinforced 
polymer composites by CSLM and Petford and Miller (1993) have examined radiation 
tracks in minerals using CSLM and TSM. To date, however, there is a lack of data 
pertaining to the characterisation of sub-surface damage in CMCs.
A3 THE APPLICASmiTY OF CSLM TO THE STUDY OF 
CMCS
In the course of this thesis, CSLM has been shown to provide a method for the analysis 
of sub-surface damage in CAS/Nicalon and BMAS/Tyranno composites. It provides the 
same information as the combination of RLM and mechanical sectioning, but rapidly and 
non-destructively. The colour-height map has been shown to provide the most useful 
information relating to this sub-surface damage. The optical sections that form this 
through-focus image are a result of a linear interpolation of the photomultiplier 
gain/offset, in order to counteract the effects of laser light attenuation by the sample.
Additionally, CSLM has been used to provide extra information about the surface 
topography which would not be available from RLM. In this instance, it is necessary to 
gold coat composite specimens prior to topographical analysis, in order to eliminate the 
differences in reflectivity between the constituent phases.
It might be hypothesised that there are a number of other features of CSLM that will be 
useful for the examination of CMCs. A primary mode of imaging used in biological 
sciences is fluorescence (e.g. Brakenhoff et al, 1985). The use of fluorescence (either 
auto-fluorescence or by selective staining) is likely to provide contrast mechanisms in ,
CMCs which are not provided by any other technique. Similarly, there is likely to be
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much more information to be gained, from the interpretation of the fringes observed at 
crack faces and around fibres.
The full applicability of CSLM to the study of composite materials has yet to be assessed. 
In light of the results presented here, it is expected to be useful in the analysis of other 
glass-ceramic/SiC composites. With other ceramic materials, problems are likely to be lack 
of penetration and/or insufficient spatial resolution to distinguish features of interest 
clearly, e.g. submicrometre porosity (Russ et al, 1989). Penetration may be improved by 
selecting an appropriate laser line (e.g. infra-red to image Si and GaAs, Booker et al, 
1992). Current optics prohibit, however, a wide range of lasers such that it is only 
possible to have a limited range: ultra-violet to 514 nm; 488 to 633 nm; 633 nm to infra­
red. Further, if an oil-based environment is not deemed to have an adverse effect on the 
features of interest, improved resolution and fewer interference patterns will be 
experienced by the examination of CMCs using an oil-immersion objective. If these 
difficulties can be overcome, CSLM will be an important addition to the non-destructive 
techniques which are used currently to detect defects in ceramic components prior to 
service.
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Figure A1 The confocal principle in epi-fluorescence beam-scanning light microscopy.
[Redrawn from Shotton, 1989].
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Figure A2 Schematic diagram of refraction artefacts arising from use of a dry lens.
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Figure A3 Use of optical sections to cover completely the entire sample depth without
missing information.
Appendix II 
LISTING OF ALGORITHM USED IN CHAPTER 4
10 CLS: SCREEN 0
20 REM VARIABLE INITIATION SEQUENCE 
30 DIM q$(2)
40 DIM r$(4)
50DIMx$(4)
60DIMw$(2)
70DIMy$(2)
80 DIM z$(2)
90 PRINT "Please enter the following data;"
100 INPUT "Please enter local fibre volume fraction";v
110 INPUT "Please enter temperature drop";n
120 INPUT "Please enter z";d
130 REM MATERIAL DATA
140 LET f=190e9
150 LET g=90e9
160 LET p=.25
170 LET 1=.14
180LETb=3.3e-6
190 LET c=4.6e-6
200 LET t=-n
210 LET a=le-5
220 REM CONSTANTS OF INTEGRATION SEQUENCE
230 LET k=g(l+l)*(1.2*l)*g*(l-l/v))/((l+p)*(l-2*p)»f)).(l/(v*(l-2*p)))
240 LET y (fp ((2 * (l +l)*b*t)-(2*k*c*t*(l +p)))/(l-k)
250 LET y(2)=(-(2*l)+(2*k*p))/(l-k)
260 LET z(l)=((y(l)/2)-(c*t*(l +p)))*(a 2/(v*(l-2*p)))
270 LET z(2)=(a " 2/(v*(l-2*p)))*(p+(y(2)/2))
280 LET w(l)=y(l)+(2*z(l)/a"2)
290 LET w(2)=y(2)4-(2*z(2)/a""2)
300 REM FIBRE SEQUENCE
310 LET r(l)=((f*w(l)/((l4-l)*2*(l-(2*l)))))-(f*b*t/(l-(2*l)))
320 LET r(2)=((f*w(2)/((l+l)*2*(l-(2*l)))))+(f*l/((l-(2*l))*(l+l)))
330 LET x(l)=((l*2%l)))-(f*(b*t))
340 LETx(2)=((l*2*r(2)))+f 
350 PRINT "Fibre axial stress =";x(l)
360 PRINT "Fibre axial (C)=";x(2)
370 REM MATRIX SEQUENCE
380 LET r(3)=(g*y(l)/((l+p)*2*(l-(2*p))))-(g*c*t/(l-(2*p)))
390 LETr(4)=(g*y(2)/((l+p)*2*(l-(2*p))))+(g*p/((l-(2*p))*(l+p)))
400 LETx(3)=(2*p*((g*y(l)/((l+p)*2*(l-(2*p))))-(g*c*t/(l-(2*p))))-(g*(c*t))) 
410 LETx(4)=(2*p*((g*y(2)/((H-p)*2*(l-(2*p))))+(g*p/((L(2*p))*(l4-p)))))+g 
420 PRINT "Matrix axial stress =";x(3)
430 PRINT "Matrix axial stress (C)=";x(4)
440 PRINT "r(l)=";r(l)
450 PRINT "r(2)=";r(2)
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460 PRINT ”r(3)=";r(3)
470 PRINT "r(4)=";r(4)
480 REM CONSTANT PRINTOUT 
490 PRINT ”Nl=";w(l)
500 PRINT "Nlc=";w(2)
510 PRINT "N2=";y(l)
520 PRINT "N2c=";y(2)
530 PRINT "M2=";z(l)
540 PRINT "M2c=";z(2)
550 REM TRANSFER LENGTH SEQUENCE 
560 LET j=6.67E21*((l/x(2))+(l/(x(4)))*v/(l-v))
570 LET i=6.67e21*((x(3)/x(4))-(x(l)/x(2)))
580 LET u=(i/j)*(EXP(-(j "".5)M) -1)
590 LET s—-(v/(l-v))*u
600 PRINT "Axial fibre stress =";u
610 PRINT "Axial matrix stress =";s
620 PRINT "Interfacial shear stress =";((a*i)/(2*(j^.5)))*(EXP(-(j'^.5)*d))
630 PRINT "j=";j
640 PRINT "i=";i
650 LET q(l)=(u-x(l)M 2)
660 LET q(2)=(s-x(3))/x(4)
670 PRINT "Fibre radial/Thoop stress =";r(l)+r(2)*q(l)
680 PRINT "Matrix hoop stress ='';r(3)+(r(4)*q(2));”-(";(g/(l+p))*(^ (l)+(q(2)M2)));"*r-'-2)"690 INPUT "Do you wish to run the programme again (Y/N)";c$
700 IF c $ = y  THEN CLSiGOTO 90 
710 IF c$="n" THEN STOP
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